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Abstract 
The environmental importance of CH 313r arises from its contribution to stratospheric 
ozone depletion and, as a consequence, its emissions from anthropogenic sources are 
subject to the Montreal Protocol. Whilst the anthropogenic sources of CH 3Br (mainly 
crop fumigation) are well-known and mostly phased out, natural sources of CH 3 13r from 
marine and terrestrial ecosystems are poorly characterised. A better understanding of the 
natural budget of CH313r is required for assessing the benefit of anthropogenic emission 
reductions and for understanding any potential effects of environmental change on 
global CH 313r concentrations. Current global estimates of atmospheric CH 313r are highly 
uncertain and losses, such as soil and ocean sinks, exceed estimates of emissions. Hence 
additional natural terrestrial sources may be important components of the global budget. 
In this project, field measurements and controlled experiments were used to investigate 
the magnitude of, and controls on, some terrestrial sources of CH 3 13r to help in assessing 
global fluxes. The influence of factors such as temperature, soil properties, sunshine 
level, plant species and water table, and correlation to methane (CH 4) fluxes, were 
investigated. Field measurements were carried out using eight static flux chambers 
installed in pairs in the lower and upper areas of a salt marsh in East Lothian (Scotland) 
and four at a woodland site in Edinburgh. Controlled experiments with intact soil cores 
(volume 3000 cm3), rotting wood, and deciduous and conifer leaf litter were 
conducted in the laboratory and an unheated greenhouse. Gas samples were analysed for 
CH3Br by gas chromatography and electron capture detection (GC-ECD). To quantify 
CH3Br concentrations to pptv (parts per trillion (1012)  by volume) required sample pre-
concentration which was achieved using an adsorbent trap and a cryogenic trap. 
Mean annual measured net CH 313r emissions from the salt marsh were 350 ng m 2 h', 
with a large variability in fluxes from zero to —4000 ng m 2 h', which increased 
seasonally. Summer emissions were on average about three times higher than winter 
emissions. Variation in CH 3 Br fluxes was larger between individual chambers in 
different pairs at the same salt marsh area (upper or lower) than between the two areas. 
Thus designated replicate chambers clearly did not demonstrate replicate behaviour in 
practice. In particular, in each area of the salt marsh there was one chamber which 
emitted significantly more than the others. There was also a strong association between 
sunny conditions and the timings of the frequent peaks in CH 3 13r emissions from the 
high-emitting chambers above the general annual trend. There was a distinct diurnal 
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variation in CH313r fluxes from the salt marsh chambers throughout the year, also 
strongly correlated to the solar flux, showing highest emissions at mid-day and lowest at 
night. Salt marsh CH 3 13r fluxes were highly spatially variable, with a small proportion 
of "hot spots" accounting for the bulk of the spatially-integrated net emissions. There 
was no obvious explanation for the spatial heterogeneity of CH313r emissions on account 
of plant species and biomass or measured soil properties, apart from a small association 
of greater average fluxes with greater soil bromide content. 
Net CH 3 Br fluxes at the woodland site were an order of magnitude lower than at the salt 
marsh site, fluctuating between net uptake and net emissions and with a mean in annual 
measured emissions (minimum and maximum in parentheses) of 27 (-73 to 279) ng m 2 
h* Net fluxes from the woodland site showed no seasonal trend and only fairly small 
diurnal variation. Deciduous leaf litter showed mean net CH 3 Br fluxes of 9 (-14 to 43) 
ng kg' fresh weight h' whilst mean net CH3Br emissions from conifer needle litter was 
55 (6-262) ng kg' fresh weight h'. Even though fluxes were very small (16 ng 
kg' fresh weight h maximum), rotting wood infected with bracket fungi clearly 
emitted more CH 3Br from sections with visible fungi than from sections without 
There were no or only modest correlations of net CH 3Br fluxes with air and soil 
temperature, CH 4 flux and water table depth. Controlled experiments with soil cores 
showed enhanced CH 3Br emissions when increasing the soil bromide content and 
confirmed that plant-related processes accounted for the majority of net CH 3Br 
emissions, whereas fungal, bacterial and abiotic processes were less important. 
Scaling-up the salt marsh CH 3 Br fluxes from this work globally gave estimated annual 
emissions of 1 (0.5-3) Gg y, which was only —10% of the global salt marsh emission 
estimate regularly quoted in the methyl bromide literature. In contrast, the emissions 
from the temperate woodland gave a global average of 2.7 (1.3-5) Gg y 1 which 
contradicted the common assumption that woodland soils are only sinks for CH 3 13r. 
Global annual net CH 3 Br fluxes from leaf litter were calculated to be 0.5 (-0.7 to 2) 
Gg y ' which was within the range quoted in the literature, and from conifer needles to 
2.7 (0.8-5.8) Gg y', slightly higher than previously reported. The results from this work 
helped in refining some of the previous source estimates and show that salt marshes 
might be a smaller source than previously thought but woodland (including litter) might 
be a larger source and may help close the CH 3Br budget deficit. 
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Methyl bromide (CH313r) is a trace gas which plays an important role in stratospheric 
ozone (03) depletion. It is emitted to the troposphere from various sources and its 
lifetime is sufficiently long (best estimate 0.7 y) that a significant proportion can reach 
the stratosphere (WMO, 1998). Therefore CH 3 13r makes an important contribution to the 
total bromine loading in the atmosphere and has a significant stratospheric ozone 
depletion potential (ODP). The ozone depletion potential (ODP) of a chemical 
compound is the relative amount of degradation to the ozone layer it can cause, with 
trichlorofluoromethane (R- 11) being fixed at an ODP of 1.0. The most recent WMO 
(2002) Scientific Assessment assigns an ODP of 0.38 to CH 3 13r and CH 313r alone is 
estimated to cause —3-10% of total ozone depletion. CH 313r has a direct Global 
Warming Potential (GWP, relative to CO2) of 5 ± 2 but its contribution to global 
warming is negligible because its concentration is orders of magnitudes lower than that 
Of CO2. As a consequence of its effect on stratospheric 03 (03 is a greenhouse gas, 
therefore its depletion leads to "cooling"), CH 313r has a much larger GWP for indirect 
radiative forcing of —1610 ± 1070 (IPCC/TEAP, 2005). However, none of these values 
are well constrained because of the very large uncertainty in the global CH313r budget 
which in turn leads to uncertainty in its atmospheric lifetime. The uncertainty arises 
because, almost uniquely among stratospheric ozone-depleting halocarbons, the major 
portion of the sources and sinks of CH3Br arises from natural processes at the ocean-air 
or land-air interface although there are also anthropogenic sources. The natural sources 
especially are characterised by a lack of knowledge of mechanisms and the extent of 
variability (Redeker and Cicerone, 2004). Hence accurate global estimates of ecosystem 
emissions of CH 313r do not exist. The current global budget is significantly unbalanced, 
with known sinks outweighing known sources. 
Although natural processes might initially appear to be an issue over which humankind 
has little or no control, the lack of budget closure is important for two main reasons. 
Firstly, all global models require quantitative data on all CH313r sources/sinks for 
accurate prediction of the timescale of recovery of stratospheric 03. Secondly, many 
natural methyl halide sources/sinks are directly and indirectly influenced by human 
activity, most notably via future regional climate changes likely to be induced by 
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anthropogenic radiative forcings and via changes in land-use and management which 
may in turn be driven by climate change. 
The understanding of the natural processes leading to CH 3Br production, is currently so 
limited that it is not even possible to predict whether changes in climate and land-use 
may enhance or diminish future atmospheric mixing ratios of CH 3Br (WMO, 2002). 
This uncertainty becomes more important as the anthropogemc sources of CH 3Br are 
phased out. 
A further issue is that because the atmospheric lifetime of CH 3Br is of similar 
magnitude to hemispheric and troposphere-to-stratosphere mixing times, spatial and 
temporal patterns of its sources/sinks may also be an important factor determining the 
fraction of halogen reaching the stratosphere as compared with well-mixed gases. 
Atmospheric exchange from the troposphere to the stratosphere is strongest at the 
tropics due to the Inter-Tropical Convergence Zone (ITCZ) which is an area of low 
pressure where the northeast trade winds meet the southeast trade winds near the earth's 
equator. As these winds converge, moist air is forced upwards by convection. Therefore 
sources of CH 3 Br located in the tropics may have a greater impact on 0 3 depletion than 
sources of CH 3Br at higher latitudes because even short-lived compounds can reach the 
stratosphere in the tropics. This issue is not relevant for long-lived gases. 
CH3Br has been the focus of considerable political and scientific controversy because of 
its role in stratospheric ozone depletion contrasted with its value as an agricultural 
fumigant. CH3Br is particularly effective as a fumigant because it attacks a broad 
spectrum of pests such as nematodes, insects, bacteria, fungi and weeds, as well as some 
parasitic plants (Klein et al., 1996). The most common use of CH3Br is for annual crops 
such as strawberries, melons, flowers, tobacco and a variety of vegetables, but also for 
treatment of soils before planting grape vines or fruit trees. CH3Br is cheap to make, 
often formed as a by-product of other bromide manufacturing processes, and relatively 
easy to use. The gas is simply injected 30 to 60 cm below the soil surface, with planting 
usually occurring a few days later. Because CH 3Br eliminates the vast majority of soil 
pests so effectively, farmers abandoned practically all other pest control options when it 
was introduced (McCook, 2006). 
Pi 
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However, 30 - 90% of CH313r applied in soil fumigation (Yates et al., 1997) and 80 - 
95% used for commodity and structural thmigation (UNEP, 1997) is ultimately emitted 
to the atmosphere. The toxicity of CH 313r to humans in higher concentrations (lethal 
concentration 60,000 ppm (2h), inhalation; toxic concentration 35 ppm (2h), inhalation, 
(www.gtz.de, 1986)) has led to efforts to protect farm workers by covering the soils 
with tarpaulins or applying CH 3 Br only during specific meteorological conditions. 
Deeper application into wetter soil can also reduce the resultant emission of CH 3 13r. 
Nevertheless, it is not the health effects of CH 3Br but its role in stratospheric ozone 
depletion that has resulted in a planned, global phase-out of its anthropogenic 
production and use. 
In this chapter, the role of CH 313r in 03 depletion and its phase out via the Montreal 
Protocol are discussed. In addition, the global CH 3Br budget and natural production 
processes are examined and the research objectives of this work outlined. 
1.2 Methyl bromide and ozone depletion 
The average global mixing ratio of CH 3Br is between 9 and 110 pptv (parts per trillion 
(1012) by volume) with an ambient mixing ratio of 9 - 15 pptv in the northern 
hemisphere and 7 - 9 pptv in the southern hemisphere. Therefore the mean inter-
hemispheric ratio is currently estimated at 1.3 ± 0.1 (Schauffler et al., 1999). The 
lifetime of CH3Br in the troposphere (-0.7 y) is long enough that a significant 
proportion reaches the stratosphere via troposphere-to-stratosphere exchange at the 
ITCZ. In the stratosphere, photolysis by ultraviolet radiation yields bromine (Br) atoms. 
This photolysis does not occur in the troposphere because the necessary ultraviolet 
wavelengths are not present, having been filtered out by absorption higher in the 
atmosphere. CH 313r is currently responsible for more than half of the Br reaching the 
stratosphere (Schauffler et al., 1999) and its contribution to 03 depletion is estimated to 
be -3-10%. Anthropogenic compounds currently contribute about 40% of the total Br in 
the stratosphere. 
Even though chlorine atoms (Cl) are about 150 times more abundant than Br in the 
stratosphere, Br is very efficient in depleting 0 3 , about 50 - 60 times more effective 
than Cl on a per atom basis. The main reason is the absence of a stable, inactive 
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reservoir of Br in the stratosphere so that nearly all of the Br in the stratosphere is in an 
active form that can react with 03. Most potential reactions for converting Br to 
reservoir compounds are inefficient or even endothermic. In addition, Br reservoir 
compounds are readily reactivated, for example, HBr and BrONO 2 are very easily 
photolysed. The standard 2-step catalytic cycle of 0 3 destruction by Br atoms is shown 
in Equation 1-1. 
Equation 1-1 	 Br + 03 —+ BrO + 02 
Br0+0—Br+02 
Net 0+03—*02+02 
However, there is also a synergistic cycle with Cl atoms (Equation 1-2), the combined 
effect of which is greater than the sum of the individual Br and Cl 2-step cycles. 
Equation 1-2 	 Br + 03 BrO + 02 
Cl+03 -+  CIO  +02 
Br0+ CIO —Br+C1+02 
Net 203-+302 
Since this route of destruction of 03 by Br involves the reaction of BrO with CIO, the 
role of CH3Br in 03 depletion depends not only upon the amount of Br it delivers to the 
stratosphere but also upon the amount of Cl present. With plenty of Cl available in the 
stratosphere in the future (Montzka et al., 1999), decreases or increases in the total 
natural CH 3 Br flux might still have a significant effect on the recovery of stratospheric 
ozone. 
The ozone depleting potential (ODP) of a compound is influenced by both its lifetime 
and its halogen content. The lifetime of CH 3Br can be altered by natural processes. 
Therefore it is important to understand the natural fluxes of CH313r, how these fluxes 
could change in the future, and the effects higher or lower emissions of CH 313r might 
have upon the atmosphere. The current best-refined ODP value for CH313r is 0.38 
(WMO, 2002), compared with the value of 0.6 quoted in the original Montreal Protocol. 
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1.3 Montreal Protocol 
The Montreal Protocol is a landmark international agreement designed to protect the 
stratospheric ozone layer by phasing out the production and consumption of compounds 
that deplete 03 in the stratosphere. The treaty was originally signed in 1987 and has 
been substantially amended in subsequent rounds of negotiations. 
CH3 13r was first listed in the Montreal Protocol in 1992 (Baker et al., 1999). Under the 
terms of the protocol, by 1995 industrial production of CH 313r in developed countries 
should have been reduced to 1991 levels (Kerwin et al., 1996). The restriction of future 
sales and consumption for agricultural and industrial uses within developed countries 
were set as reductions compared to 1991 of 25% by 1999, 50% by 2001, 70% by 2003 
and a complete phase-out by 1st January 2005 (Yokouchi et al., 2002). For developing 
countries, the schedule started with a 2002 freeze in consumption and continued with 
reductions of 20% from 2002 by 2005 and complete phase-out by 2015. However, 
under a revised agreement, several developed countries have received exemptions to the 
phase-out. Table 1-1 and Table 1-2 list the critical-use exemptions for CH 3 13r in 2005 
for the European Community and other countries, respectively. 
Even though the phase-out of CH 3 13r should have stimulated research into new or 
replacement pesticides, no product has emerged that is as widely endorsed as CH3Br 
and growers in the USA are still using an estimated 19,000 tonnes of CH 3Br every year 
(McCook, 2006). In 2003, CH 313r was the fourth most commonly used pesticide among 
growers in California. In that state alone, growers applied more than 3,300 tonnes of the 
chemical to more than 22,000 hectares of land. The USA recently submitted a request to 
the United Nations (UN), currently under review, to continue its use of nearly 30% of 
the methyl bromide used in 1991, a total of 7,400 tonnes, in 2007 alone. 
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Table 1-I: Critical-use exemptions for CH 3Br granted by the Montreal Protocol (MP) in 2005 for 
the European Community, after McCook, 2006. 











Source: MP data from reports of Meetings of the Parties (UNEP). 
Table 1-2: Critical-use exemptions for CH 313r granted by the Montreal Protocol (MP) in 2005 for 
other countries, after McCook, 2006. 







New Zealand 50,000 
Switzerland 8,700 
USA 9,552,879 
MP total 16,050,089 
USA as % of total: 60% 
The high demand for exemptions for CH 3Br from the Montreal Protocol shows that 
more research into ozone-friendly replacements is required. However, unlike the CFCs 
and all other compounds being phased out by the Montreal Protocol and its amendments 
(e.g. UNEP, 1997), most CH3Br in the atmosphere is emitted by natural processes and 
will continue to be emitted after fumigant emissions cease. However, continuing natural 
emissions will have a greater impact in the future because of the residual Cl reservoir in 
the stratosphere and the synergistic reactions. Furthermore, the change in natural CH 3Br 
emissions due to land-use and climate change still have unknown consequences. 
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1.4 The global CH 3Br budget 
As previously mentioned, there are natural as well as anthropogenic sources of CH3Br. 
The main anthropogenic source is fumigation, which is quite well quantified, whilst 
minor anthropogenic sources are industry and automobile exhausts (Baker et al., 1998). 
Biomass burning is an anthropogenic as well as natural source of CH3Br and both are 
highly uncertain in magnitude. Current estimates of natural source fluxes from 
terrestrial and marine ecosystems have an extremely wide range of uncertainties. These 
uncertainties are partly due to difficulties in measuring CH3Br because of its low 
ambient concentrations. In addition, heterogeneity in global ecosystems and the wide 
spatial and temporal variability of CH 3 Br emissions make scaling up to a global budget 
complicated and uncertain. Estimates of emissions from a specific type of ecosystem 
are normally based on measurements of a few sites that are subsequently scaled up for 
the whole global area of that ecosystem. The fact that soils and oceans appear to be both 
sources and sinks of CH3Br further complicates calculations of net CH 3Br flux. 
The most recent UN Scientific Assessment of Ozone Depletion (WMO, 2002) reports 
the following data for the global CH3Br budget. The best estimate for the total flux of 
CH3Br to the atmosphere is 151 Gg y', with a range of 56 - 290 Gg y (Kuylo et al., 
1999). The main anthropogenic sources are fumigation (soils 26.5 (16 - 48) Gg y; 
durables 6.6 (4.8 - 8.4) Gg y'); perishables 5.7 (5.4 - 6.0) Gg y'; structures 2 Gg y'), 
gasoline (5 (0 - 10) Gg y') and biomass burning (20 (10 - 40) Gg y'). The main 
natural sources are the oceans with 56 (5 - 130) Gg y', wetlands with 4.6 Gg y 1 
(Varner et al., 1999b), salt marshes with 14 (7 - 29) Gg y' (Rhew et al., 2000), plants 
(rapeseed, net flux) with 6.6 (4.8 - 8.4) Gg y' (Gan etal., 1998), rice fields with 1.5 
(0.5 - 2.5) Gg y' (Redeker et al., 2000) and fungi with 1.7 (0.5 - 5.2) Gg Y - 1 (Lee-
Taylor and Holland, 2000). A schematic representation for the best estimates of the 
major source and sink fluxes of CH 3Br is shown in Figure 1-1, including also the best 
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Figure 1-1: 2002 state of knowledge of the CHBr budget (Gg y 1 ) including main sources and sinks. 
Values are best estimates with the range in brackets, red arrows show sources and blue arrows 
show sinks. 
The total global sink flux is estimated to be 210 (134 - 394) Gg y 1 . The main sinks are 
the oceans with 77 (37 - 133) Gg y', reaction with OH and photolysis in the 
troposphere with 86 (65 - 107) Gg y- 1,  and soils with 46.8 (32 - 154) Gg y' (Yvon-
Lewis, 2000). Plants are also believed to be a sink of CH 3Br but estimates for global 
fluxes were not yet available. 
Thus, according to the best estimates in WMO (2002), CH 3 13r sinks exceeded sources by 
--70 Gg y'. Hence the global budget is significantly unbalanced. It is not yet clear if and 
which components of the budget are over- or underestimated or if there are additional 
unidentified sources or sinks. 
Redeker et al. (2002) suggested that only 75% of sources were known. Several studies 
have tried to identify new sources of CH 3Br but the results have generally had only 
minor implications for closing the global budget. For example, Lee-Taylor and Holland 
(2000) investigated global litter decay and estimated that root rotting fungi accounted 
for only 0.5 - 5.2 Gg y. Varner et al. (1999b) estimated the global CH 3 13r flux from 
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wetlands to be 4.6 Gg y 1 , which accounts for only a small fraction of the missing 
source and Dimmer et al. (2001) estimated global fluxes of 0.9 (0.1 - 3.3) Gg y' for 
coastal peatlandlconifer plantations. 
So far the focus has been on missing sources of CH 3 13r but it may be that the main 
uncertainties are in the sinks. There are considerable uncertainties and differences in 
opinion on the sources and sinks. For example, according to Baker et al. (1999) it was 
not clear if coastal regions were under- or over-estimated in the global budget. In 
contrast, Rhew et al. (2000) suggested that coastal salt marshes were the largest 
terrestrial natural source of CH 3 13r, with annual fluxes of 14 (7 - 29) Gg y- , accounting 
for approximately 10% of the total fluxes of atmospheric CH 313r. In the same study the 
authors suggested that soils were an important sink with a global uptake rate of 42 ± 32 
Gg y' (20% of the global sink). Temperate forests/woodlands/shrublands accounted for 
half of the soil sink with a flux of 28 ± 30 Gg y. Serça et al. (1998) additionally 
reported that soils, as an important sink, also influenced the atmospheric lifetime of 
CH3Br. 
Some studies report a recent decline in atmospheric mixing ratios of CH 313r. For 
example Yokouchi et al. (2002) have reported a decrease in the northern hemisphere 
troposphere CH313r mixing ratio of 4 - 6% per year since 1996 which was attributed to 
the Montreal Protocol phase-out schedule. This was confirmed by Montzka et al. (2003) 
who observed a decline in tropospheric Br driven by decreasing concentrations of 
CH3 13r. Simmonds et al. (2004) also found an average annual decrease of 3% per year in 
CH 3 13r concentrations at Mace Head, Ireland. However, they concluded that even 
though it appeared the Montreal Protocol was beginning to reduce atmospheric CH 3 13r 
concentrations, there were still large unknown natural CH 3 13r sources contributing to the 
global budget. 
A question that arises is whether "natural" net fluxes of CH 313r have increased since 
pre-industrialisation because of changes in land-use. If so, these sources should perhaps 
be classified as (indirect) anthropogenic sources. The first measurements of CH 3 13r in 
air bubbles in ice cores were conducted by Saltzman et al. (2004) who reported a mean 
CH3 13r mixing ratio of 5.8 pptv in Antarctic ice corresponding to the period 1671 to 
1942. This value agreed with the southern hemisphere mean mixing ratio of 5.8 pptv 
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obtained from their model simulation of a pre-industrial scenario which assumed no 
fumigation, no combustion, and 75% lower biomass burning sources. From the ice core 
results it was not possible to determine how much of the current "missing source" was 
present in the pre-industrial budget although the authors stated that most of the southern 
hemispheric component of this "missing source" was not anthropogenic. Saltzman et al. 
(2004) suggested that CH 3Br levels in the atmosphere may have been increasing slowly 
for about 200 years before the onset of a rapid increase during the twentieth century (1 
pptv in the first half of the century followed by 2 pptv in the second half). This trend for 
the twentieth century was also noted by Sturges et al. (2001) in studies of Arctic firn 
ice. However, there are uncertainties in the results from ice core studies because of the 
possibility that CH 3 Br degrades by chemical reaction in firn and ice. All ice core 
measurement studies have clearly shown that contributions to the global CH3Br budget 
are still not yet well understood. 
A couple of studies published since the start of the work on this thesis have quoted 
smaller CH 3 Br global budget discrepancies than the 70 Gg y' published in the WMO 
(2002) report. Yvon-Lewis et al. (2004) quote a global source shortfall for CH 3 Br of -18 
Gg y 1 , corresponding to —10-15% of estimated annual flux, whilst Redeker and 
Cicerone (2004) state that the global source shortfall is 40 Gg y 1 , —20% of the global 
budget. However, the basis for these new smaller estimates of missing sources is not 
explained, so it is likely that the uncertainties were just accounted for in a different way 
to obtain a different "best" estimate, rather than there being fundamental new data or 
insights. 
In summary, the consensus is that the CH 313r budget lacks adequate identification and 
quantification of terrestrial sources. However, only limited measurements have been 
made of emissions from potential sources. In many instances, global estimates are based 
on only a single study per source-type (the majority in the USA) and inevitably the 
uncertainty range is enormous. Such is the case for published estimates of global total 
emissions of CH 313r from salt marsh (7-29 Gg y) (Rhew, et al., 2000) which was 
refined to 8 Gg y-1 as a best estimate by Manley et al. (2006), wetland (up to 4.6 Gg y) 
(Varner et al., 1999a), peatland (0.1-3.3 Gg y) (Dimmer et al., 2001), litter decay (0.5-
5.2 Gg y) (Lee-Taylor and Holland, 2000) and biomass burning (10-40 Gg y') (Mano 
and Andreae, 1994). Published measurements of emissions from forest soils are almost 
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non-existent (some data in Dimmer et al. (2001) and Varner et al. (2003)) so it is 
difficult to assess whether these may be globally significant sources or predominantly 
sinks. 
The lack of published measurements of terrestrial sources of CH 313r since 2002, 
presumably means that the WMO Scientific Assessment of Ozone Depletion currently 
in preparation (publication due 2007) will not contain any substantive improvement in 
reducing uncertainties in terrestrial fluxes from the values cited in its previous report 
published in 2002. Since CH3Br emissions from ecosystems might be affected by 
possible climate change, it is important to identify each source and understand the 
factors controlling these CH 3Br emissions to assess future bromine chemistry and ozone 
depletion in the stratosphere (Yokouchi et al., 2002). 
1.5 Natural production processes of CH,-Br 
Many different processes are involved in the natural production of CH3Br and these are 
discussed in the following sections. Potential biological mechanisms of CH 3Br 
production involve higher plants (e.g. Gan et al., 1998), phytoplankton (e.g. Scarratt 
and Moore, 1996) or fungi (e.g. Harper, 1998), while bacteria are believed to 
predominantly take up CH 3 13r (e.g. Hines et al., 1998). An abiotic pathway of CH 3 13r 
production involves soil organic matter oxidation (Keppler et al., 2000). Complex 
interactions between these processes and environmental factors affect CH 313r production 
and uptake processes which can also take place simultaneously. It is not yet clear, 
however, under which conditions or in which proportions these processes take place in 
ecosystems. 
1.5.1 Biotic processes 
While the importance of quantifying emissions from terrestrial ecosystems for methyl 
halide budgets is recognized, studies of the processes that produce methyl halides in 
terrestrial plants are sparse (Redeker et al., 2004a). Furthermore, the relative 
environmental importance of higher plant methyl halide emissions has only recently 
been appreciated (Manley et al., 2006). 
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Redeker et at. (2004a) supported the theory that plants are direct sources of CH 3Br and 
reported that the rice plant itself produces CH313r and that methyl halide production may 
be a by-product of the many enzymatic 0-methyl transferase reactions that occur in 
plants. Methyl transferases are ubiquitous in plants, serving to create many compounds, 
from lignin and sterols to flavinoids and floral scents. For rice plants, CH 3 Br emissions 
are dominated by the growth stage of the plant. Other environmental factors such as 
water management, temperature and the soil carbon had only a minor influence on 
CH3 Br emissions (Redeker et al., 2002). 
Methyl transferase enzyme activity responsible for the production of halomethanes has 
been found in leaves of many higher plants, especially Brassicas, with greater activity 
found in salt-tolerant species (Gan et al., 1998). Some plants can therefore act as a 
conduit for bromine from the soil to the atmosphere by loss in the form of CH 3 Br. 
Comparative anatomy of the vegetative organs of several monocotyledonous species 
associated with peat bogs (e.g. grasses and sedges) has revealed the presence of an 
extensive lacunar system in the roots, rhizomes and leaves, which can provide a gas 
transport pathway of minimal diffusive resistance in waterlogged peat (Lloyd et al., 
1998). In contrast xerophytic dicotyledons, such as heather (Ca/tuna vulgaris) and 
cross-leaved heath (Erica tetralix), lack a lacunar system and are thus less likely to 
enhance gas transport processes from the soil to the air. 
The type of plant species may also influence the emission of halocarbons from soils by 
providing substrates in the form of root exudates or root autolysis products to the 
anaerobic food chain and ultimately to microorganisms responsible for the production 
of halocarbons (Dimmer et al., 2001). However, additional research is required to 
identify the relationships between soil and plant variables such as halide ion 
concentrations in plant and soil, soil moisture and seasonality of emissions. There might 
also be additional so far unidentified processes leading to CH313r production ( Varner et 
al., 2003). 
Other potential biotic sources of CH 3Br are wood-rotting fungi and ectomycorrhizal 
fungi (Lee-Taylor and Holland, 2000; Harper, 1998). CH3Br production has also been 
reported from marine phytoplankton, probably as a result of autolytic processes rather 
than a direct product of cell metabolism (Scarratt and Moore, 1996). 
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In contrast to CH 3Br production processes that appear primarily to involve vegetation, 
uptake of atmospheric CH3Br is mainly attributed to aerobic bacterial processes (Hines 
etal., 1998). 
1.5.2 Abiotic processes 
Theoretical work by Scholer and Keppler (2003) suggested that, from thermodynamic 
considerations, it is possible that halide ions may form organohalide compounds 
naturally, by purely chemical processes that are known to occur in vitro. Most of the 
reported reaction schemes for abiotic halogenation in the terrestrial environment are 
linked to radical chemistry by two redox-sensitive constituents of soil: organic matter 
and iron (Figure 1-2). Oxygen might also be a third reaction partner. It is feasible for 
halide ions also to be involved in these radical reactions because they are natural 
constituents of the soil and interfere with these soil processes by their mere presence. 
The feasibility of their theory has been demonstrated by laboratory experiments with 
soil and model substances (Keppler et aL, 2000). Phenolic moieties of the natural 
organic matter containing alkoxy groups can be oxidised while Fe(III) is reduced. 
Microbial mediation or sunlight are not required for these reactions. Hence, Keppler et 
al. (2000) suggested that such abiotic processes could make a noteworthy contribution 
to the budget of halomethanes through the release of halomethanes from terrestrial 











Figure 1-2: Model for abiotic alkyl halide formation in soil by the reaction of Fe(111) and organic 
matter in the presence of halide ions (after Keppler el at, 2000) 
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Although Keppler et al. 's 2000 results were modified in 2001, due to calculation errors, 
with the outcome that methyl halide production from abiotic sources was recalculated to 
be an order of magnitude lower than from biogenic sources (Keppler et al., 2001), the 
mechanism still provides a potentially important route for abiotic production of CH313r. 
A lot of the processes (biotic and abiotic) influencing CH313r emissions are still not well 
understood and especially their proportions in naturally occurring emissions not yet 
known. A lot of studies on processes leading to CH3Br emissions have only been 
conducted under laboratory conditions. Hence, more detailed work on natural processes 
occurring under natural ecosystem conditions is necessary. 
1.6 Research aims 
Only few studies on natural CH 3Br emissions have been conducted in temperate 
climates. Therefore this research focused on CH3Br fluxes from temperate ecosystems 
in the UK and their implications for the global CH 3Br budget. 
The main research aims were: 
Development of an analytical method for CH3Br to measure very low concentrations 
of CH313r in the field. 
Identification of spatial and temporal variability in net CH3Br fluxes for two 
temperate ecosystems (salt marsh and woodland) using static flux chambers. 
Identification of factors controlling net CH3Br fluxes from field measurements of 
environmental factors and controlled experiments. 
Refinement of global CH313r emission estimates from data obtained. 
1.7 Thesis structure 
The analytical method and the field and laboratory experimental design are described in 
Chapter 2. Uncertainties associated with the analytical method are also discussed. 
The temperate salt marsh study is described in Chapter 3 which includes results from 
seasonal net CH3Br emission monitoring from February 2005 until August 2006 and 
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diurnal measurements in three seasons. The relationships between net CH3Br emissions 
and environmental factors were examined to investigate influences on emissions. 
Chapter 4 presents results from the investigation of seasonal net CH 313r flux monitoring 
from March 2005 until August 2006 and diurnal measurements in summer and winter 
for the temperate woodland site. It also includes net CH 3 Br emission measurements 
from deciduous leaf and conifer litter and rotting wood as well as comparisons to 
another temperate woodland and a tropical mangrove ecosystem. 
Chapter 5 presents initial exploratory experiments conducted to investigate processes 
affecting CH 3 Br fluxes. A number of controlled experiments were conducted using 
enclosures of soil cores from salt marsh and woodland with and without vegetation as 
well as experiments with the field chambers themselves. The main aim of the 
experiments was to investigate the influence on CH 3 Br emissions from salt marsh and 
woodland ecosystems of environmental factors such as soil moisture, soil bromide 
content and soil and air temperature. The results from these and further experiments 
were assessed to determine whether CH 3Br emissions resulted predominantly from 
vegetation, soil microorganisms (bacteria and/or fungi) or abiotic processes and are 
summarised in a conceptual model. 
Implications on the global CH 313r budget resulting from all the net CH 313r emissions 
measured described in Chapters 3 to 5 are further discussed in Chapter 6, and an overall 
summary of the conclusions from this research and suggestions for future research 





2 Materials and methods 
In this chapter, the methodology used for previous studies of CH 313r which has been 
reported in the literature is presented first, including analytical methodology as well as 
sampling procedures. Subsequently, the CH 313r analytical method developed for this 
research is explained, followed by experimental set-up for field and controlled 
laboratory experiments, the calculation of fluxes and an estimation of uncertainties in 
the analytical procedure. Furthermore, methodology for methane (CH 4) analysis and 
determining several soil properties is described. 
2.1 Methodology used for previous studies of CH3Br 
This section describes methodology for analytical analysis as well as for field flux 
measurements as reported in the literature from previous studies of CH313r. Using these 
as a basis, a method for this project was developed considering previously reported 
studies. 
2.1.1 Methodology for analysis of CH 3Br 
Several previous studies reported analysis of CH313r using gas chromatography and an 
electron capture detector (GC-ECD), either using a capillary column (e.g. Rhew et al., 
2000, 2001; Gan et al., 2001) or a packed column (e.g. Kerwin et al., 1996; Bill et al., 
2002b). Sometimes a mass spectrometer (MS) was used as a detector instead of an 
ECD. In all these studies it was indicated that an ECD or MS detector was not sensitive 
enough to detect CH313r at ambient concentrations directly by GC and therefore pre-
concentration or some other method of increasing sensitivity was required. 
Cryogenic and/or adsorbent traps have been used to concentrate target compounds such 
as CH 313r and vent non-target compounds. Several studies (Baker et al., 1999; Li et al., 
1999; Redeker et al., 2000; Rhew et al., 2000; Bill et al., 2002a, b) used a cryogenic 
trapping system to pre-concentrate samples prior to GC analysis whilst Serça et al. 
(1998) and Li et al. (1999) used a combination of cryogenic and adsorbent pre-
concentration systems. The pre-concentration unit described by Li et al. (1999) 
consisted of two traps containing Tenax TA (60/80) and glass beads, and three 
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switching valves. Serça et al. (1998) pre-concentrated with a custom-made inlet system, 
based on enrichment onto a multi stage solid adsorbent cartridge, thermal desorption 
onto a cryogenic freeze-out trap and injection into the GC by rapid heating of the 
freeze-out trap. 
Grimsrud and Miller (1978) and Varner et al. (1 999b) showed that oxygen doping of 
the carrier gas (He) increased the sensitivity of the ECD to CH3Br. This method was 
used in a combination with cryogenic pre-concentration unit by Kerwin et al. (1996) 
and Bill et al. (2002a). As an alternative approach to increasing sensitivity, Hughes et 
al. (1999) used pre-GC conversion of CH 3 Br to methyl iodide by iodination and 
analysed with GC-ECD because of the increased sensitivity of an ECD to iodine 
compared to bromine. 
2.1.2 Calibration standards 
The production of accurate and precise gas standards at very low concentrations is a 
necessary requirement and challenge for this kind of work. In general, calibration 
standards are obtained by dilution of CH3Br in another gas (nitrogen or air) by weight 
or volume. 
Yokouchi et al. (2002) quantified CH313r with 100 pptv working standards, which were 
prepared gravimetrically and periodically calibrated with a dynamic dilution of 1 ppmv 
primary gravimetric standards. Li et al. (1999) suggested preparing standard gases 
gravimetrically into a 10 L cylinder (inner polished Fe/Mn) using a highly precise 
balance, where the primary standard (100 ppmv) was successively diluted to 1 ppmv, 
and then to 100 ppbv, and to 1 ppbv and 100 pptv. 
In contrast to many other studies, Kerwin et al. (1996) prepared calibration standards 
using a 3-stage dynamic dilution system in which zero air flowed through a permeation 
oven, where it mixed with CH313r emitted from a permeation tube (KIN-TEK) 
calibrated gravimetrically (Mettler AEI, 5 decimal place balance). The air flowed 
through the 3-stage dilution box, where it was subsequently diluted with zero air and/or 
bled from the system using mass flow controllers (Brooks). Other studies (e.g. Rhew et 
al., 2000) just stated that standards prepared "in house" were used without giving any 
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details. In general, calibration standards were prepared mostly by direct dilution of 
gases rather than using permeation devices. 
2.1.3 Sampling containers 
It is important to consider the nature of sampling containers in case CH3Br adsorbs on 
to surfaces or the container itself generates CH 3 Br. In most studies air was sampled in 
pre-evacuated fused silica-lined canisters (e.g. Li et al., 1999; Baker et. al., 1999; 
Redeker et al., 2002; Yokouchi et al., 2002), but Serça et al. (1998) used Teflon bags. 
Since sample bags had been found suitable for CH 3Br sampling in previous studies, 
Tedlar bags were used in this research after storage tests showed that the change in 
CH 313r concentration over a short storage time (days) was marginal (described in 
Section 2.2.8). 
2.1.4 Methods of determining CH 313r terrestrial fluxes 
Most terrestrial fluxes of CH 313r have been determined using flux chambers. Serça et al. 
(1998) measured soil uptake of CH 3Br using static chambers that were installed by 
inserting 75 cm diameter stainless steel rings 10 cm into the soil to create a chamber 
volume of approximately 150 L. CH 3Br was injected into the chambers and the chamber 
air was subsequently sampled into clear 10 L Teflon bags attached to the exposed upper 
edge of the ring and supported by an aluminium frame. 
Wang et al. (1999) measured CH 3Br emissions using a combination of a flow-through 
flux chamber and an air flow system for sampling. The enclosure opening was sealed 
with a layer of polyethylene-based high-barrier film (HBF) or Hytibar (both 0.035 mm 
thick) and the flux chamber was placed on top. Air flow through the chamber and the 
sampling bypass flow was measured with electronic flow meters and automatically 
recorded with a datalogger. To sample air from the enclosure for determination of 
CH3 Br concentration, a small Teflon tube was inserted through a port of the source 
enclosure and sealed to prevent leakage and used to sample enclosure air. 
Redeker et al. (2000) used PVC flux chamber bases (15 cm in height, 30 cm in 
diameter, and 13 mm in thickness) which were placed approximately 15 cm above the 
tilled soil before seeding. To regulate internal air pressure within the chamber as 
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samples were withdrawn from the chamber by a pump, a Tedlar bag was placed within 
the chamber, connected to ambient air by a 3 mm port in the PVC chamber base. 
In their 2002 study Redeker et al. used 24 square opaque chambers and 4 UV-visible 
transparent chambers which were placed along three 21.5 rn-transects evenly located 
within the field. Bill et al. (2002a) measured CH313r fluxes using a two-component, all-
aluminium, dark, static flux chamber that covered a surface area of 1 m 2 and enclosed a 
volume of 850 L. 
Varner et al. (1999b) determined CH 3 13r fluxes using transparent, climate-controlled 
Lexan (polycarbonate) and Teflon chambers (100 cm or 50 cm height (depending on 
vegetation height) x  63 x  63 cm) placed on aluminium collars embedded in the wetland. 
Four gas samples of approximately 2 L each were taken at specified time intervals by 
pumping into stainless steel cylinders. 
Dimmer et al. (200 1) measured fluxes using static chambers of 25 L volume (0.11 m 2 
area coverage), designed for soil emission studies. Evacuated Summa polished 
stainless-steel canisters (3.5 L) or Restek Silcosteel canisters (6 L) were used to obtain a 
chamber air sample after a set deployment time, by pumping via a non-contaminating 
metal bellows pump. A background tropospheric air sample was obtained at the start of 
each chamber deployment. 
Rhew et al. (2000) used an aluminium flux chamber consisting of a collar, which was 
seated in the soil first, and a lid, placed on top to initiate the measurement period. In 
Rhew et al. 's 2001 study, gas fluxes were measured using a dark static flux chamber 
with a basal area of 1 m 2 and enclosed volume of 850 L. The all-aluminium chamber 
consisted of a 500 L collar which was seated in the soil first and a 350 L lid placed on 
top to initiate the measurement period. The large chamber size allowed for the enclosure 
of whole plants and for withdrawal of large whole air samples. On each measurement 
occasion three 6 L air samples were drawn from the flux chamber at 20 min intervals 
into evacuated fused-silica-lined stainless steel canisters. A vent tube allowed for 
pressure equilibration in the chamber during sampling by influx of ambient air, and 
small electric fans circulated the chamber air prior to collection of the last 2 samples. 
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From previous studies reported in the literature, the most commonly used method to 
determine CH3Br fluxes in the field is to obtain air samples by enclosing vegetation in 
chambers and sampling the chamber air using a pump. 
2.2 Experimental set-up of this project 
A gas chromatograph (GC) with electron capture detector (ECD) was available for this 
project but it was not set up for analysis of CH313r. Consequently, a pre-concentration 
system and suitable analytical method had to be developed prior to any field campaign. 
2.2.1 Gas chromatograph with electron capture detector (GC-ECD) 
Air samples were analysed using a Hewlett Packard (HP) 5890 gas chromatograph 
equipped with an electron capture detector (ECD). To separate CH 3 13r 
chromatographically, a 0.32 mm fused silica capillary colunm (J&W Scientific) of 30 m 
length was used. Its stationary phase was DB624, suitable for the separation of volatile 
organic compounds like CH 313r, with a film thickness of 1.8 l.xm. The initial GC oven 
temperature was 40 °C held for 5 mm. The temperature was subsequently increased at a 
rate of 40 °C min - ' to a final temperature of 240 °C which was held for 5 mm. For 
separating CH313r, a temperature of 40 °C is sufficient since its boiling point is 4 °C 
(Appendix A). The temperature program heated to 240 °C, however, to ensure that 
compounds with higher boiling points would also pass through the column and not 
contaminate it for the next sample analysis. The carrier gas was 10% methane (CH 4) in 
argon (Ar) at a flow rate of 1.3 mL min* The same gas at a flow rate of 25 mL min d 





Figure 2-1: Set-up: CC with pre-concentration system in the laboratory 
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The ECD is selective to electronegative compounds such as iodinated, chlorinated or 
brominated molecules and is sensitive to some of these compounds in the picogram 
mass range. It consisted of a stainless steel cylinder containing radioactive nickel-63 
and in this work was held at a constant temperature of 350 °C. An operational diagram 
of an ECD detector is shown in Figure 2-2. 
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Figure 2-2: Schematic diagram of an ECD detector (www.srigc.com  - SRI-Instruments) 
The radioactive nickel-63 inside the ECD detector emits beta particles (electrons) which 
collide with the make-up gas molecules and cause ionisation. At the same time, a stable 
cloud of free electrons is formed in the detector cell. A constant current, equal to the 
standing current generated through the electron cloud, is maintained by applying a 
periodic pulse to the anode and cathode. The standing current value is chosen by the 
operator and sets the pulse rate through the ECD cell. A standing current of 400, for 
example, denotes that the electronics will maintain a constant current of 0.4 
nanoamperes through the ECD cell by periodically pulsing. When electronegative 
compounds, like CH313r from the column, enter the ECD cell they directly combine 
with some of the free electrons. The number of free electrons in the cloud decreases and 
the pulse rate is increased to maintain a constant current equal to the initial standing 
current in the beginning. The changes in pulse rate are converted to an analogue output 
which displays as peaks on the chromatogram. 
The GC was connected to a PC running Perkin Elmer Turbochrom Navigator software 
for the collection and integration of the chromatograms. The retention time of CH 3Br 
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Figure 2-3: Chromatogram of an air sample with the CH 3 13r peak at a retention time of 4.6 mm. 
2.2.2 Pre-concentration unit 
Due to low atmospheric concentrations of CH3Br (-.10 pptv) a pre-concentration unit 
was required prior to GC analysis and had to be developed specifically for this research. 
The pre-concentration system consisted of two traps as shown in Figure 2-4. The first 
trap (Ti) consisted of 10 cm long 1/4 inch stainless steel tubing filled with 0.59 g of 
Tenax as an adsorbent for CH3Br. The trap was cooled to 4 °C using a Peltier-cell to 
enhance the efficiency of the adsorbent. 
The cooling effect of a Peltier-cell is based on thermoelectric principles. If a closed 
circuit is made from two dissimilar metals, an electric current can be observed when the 
junctions are maintained at different temperatures. Conversely application of a DC 
voltage to a closed circuit made of dissimilar metals gives rise to a temperature change 
at the junction of the dissimilar metals. Depending on the direction of the DC current 
flow, the junction of the two conductors will either absorb or release heat. A Peltier-cell 
is normally made up of many junctions connected electrically in series. The junctions 
are laid out flat and parallel to each other and sandwiched between two ceramic plates. 
The Peltier-cell used in this experimental setup consisted of a single-stage Peltier 
ceramic cell which was fixed on an aluminium plate. Circulating tap water was used to 
cool the hot side of the cell. 
The cryogenic trap (T2) consisted of fine glass beads in a 20 cm long U-shaped length 
of 1/8 inch stainless steel tubing and was cooled to —78.5 °C using dry ice in a Dewar 
vessel. Both traps were connected in sequence using two 6-port valves. The valves and 
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the cooling (Peltier) and heating (heating wires) elements were connected to a PC using 
a Labjack interface (National Instruments). The timing sequence was controlled by a 
Lab-View Program (LabVIEW 6i), developed for this set-up, which drove the Labjack 
interface. 
Figure 2-4: Pre-concentration unit in the laboratory with the adsorbent trap (TI) and Peltier 
cooling on the left and cryogenic trap (T2) on the right. 
A schematic of the valves and sequence of switching for the pre-concentration of an air 
sample and injection into the GC is shown in Figure 2-5: 
Part A: A 100 mL air sample is injected using a 60 mL medical syringe (2 x  50 mL) 
via the inlet of valve 1, which is in the "load" position, into the cooled Tenax trap (Ti). 
The target compound (CH313r) is trapped on the cool Tenax while most remaining 
compounds are being vented. At the same time, the cryogenic trap (T2), also in the 
"load" position, is flushed by one Ar carrier gas line and the second Ar carrier gas line 
is connected directly to the GC column to ensure that both T2 and the column continue 
to receive carrier gas. 
Part B: After 5 mm, TI is heated to 150 °C by a heating wire (controlled by the 
Lab View program via the Labjack interface) and valve I is switched into the "inject" 
position simultaneously, to transfer the sample flushed by the carrier gas onto the dry 
ice-cooled cryogenic trap (T2), which remains in the "load" position. The second carrier 
gas line remains connected directly to the GC column only. 
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Part C: After another 5 mm, T2 is heated to 180 °C by heating wires and valve 2 
switches to the "inject" position, so that the sample is transferred with the carrier gas 
from the second line to the GC column (via a heated transfer line to ensure fast 
transfer). At the same time TI, which remains heated, is flushed by the carrier gas from 
the first line to ensure cleaning of all residues before the next sample injection. 
After a further 5 min T2 is switched back to the "load" position, to be flushed with 
carrier gas to remove all residues that were not transferred to the GC, and at the same 
time heating of TI stops and it is cooled again by the Peltier cell. When TI reaches 
35 °C, it is switched to the initial "load" position and continues to be cooled to the 
required initial temperature of -4 °C. At the same time, the heating of T2 stops and once 
it is at about room temperature, it is manually placed in a Dewar vessel of dry ice to be 
cooled to the required —78.5 °C. The system is now in the initial "load"/"load" position 
as indicated in part A of Figure 2-5 and ready for the next air-sample injection. 
Including cooling time, pre-concentration step and the actual GC run, the analysis time 
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Figure 2-5: Schematic of the sequences of the valves of the pre-concentration unit 
2.2.3 Calibration standards 
All calibration standards were made by volume dilution. Standards were prepared from 
a certified 500 ppbv CH 3 Br in nitrogen gas standard (Air Products & Chemical Inc.). 
The mixing ratio of the standard was certified to ±2% accuracy. Working standards of 
5 ppbv CH3 Br were made up into a 5 L Tedlar bag (SKC Inc.) by diluting the 500 ppbv 
gas by a factor of 100 with ambient (laboratory) air using a gas-tight syringe. To 
achieve the required concentrations for the calibration, further standards were prepared 
from the working standard by diluting it in I L or 5 L Tedlar bags using 5 mL, 10 mL 
and 60 mL medical syringes as well as a 1000 mL gas-tight syringe (SGE Ltd.). All 
z1 
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bags were flushed at least three times with nitrogen and once with air before and after 
use. To inject the standards into the pre-concentration system 60 mL medical syringes 
were used. These were flushed three times with the relevant standard before injecting 
100 mL (2 x  50mL). 
Sample concentrations were calculated by interpolation from calibration curves. The 
latter were constructed by plotting the measured peak areas of the standards minus the 
peak area of air against the concentrations and fitting a linear regression through the 
data points. An example of a calibration curve is shown in Figure 2-6. The 
concentrations of the samples were calculated by dividing the corrected peak area of the 
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Figure 2-6: Example plot of peak area versus CHBr concentration and fitted linear regression (6th 
April 2006). The value of the slope is used to calculate sample concentrations from measured peak 
areas. 
2.2.4 Field measurements 
Regular field enclosure measurements were made from February 2005 until August 
2006 in two different terrestrial ecosystems (salt marsh and temperate woodland) using 
static flux chambers. Chamber collars made of opaque hard plastic (PVC) with a 
headspace of 0.012 m 3 at the salt marsh site and 0.0058 m 3 at the woodland site were 
used. Perspex lids were used for the salt marsh chambers, aluminium lids for the 
woodland chambers. The diameter of the salt marsh collars was 36 cm and the diameter 




The collars were buried approximately 5 cm deep in the ground to ensure they were 
stable and gas-tight and were kept in place during the whole measurement period. Lids 
were placed on top of the collars for the time of enclosure only and removed 




Figure 2-7: Schematic of a flux chamber placed at the field sites for vegetation enclosures. 
After 10 min enclosure, 400 mL of headspace gas was collected with a 1000 mL gas-
tight syringe and transferred to a 1 L Tedlar bag for storage at room temperature in the 
dark until analysis directly afterwards or within 24 hours. Additionally, a 400 mL 
sample of background air was collected at approximately 1.5 m above the ground at 
each field site on each site visit and stored in Tedlar bags in the same way as samples 
from the enclosures. To obtain the actual sample concentration, the concentration of the 
background air from the field site was subtracted from each measured sample 
concentration and the difference was used to calculate the net flux as described in 
Section 2.2.5. All data are quoted as net fluxes in ng CH3Br m 2 h', where positive 
values indicate net emissions and negative values net uptake. 
2.2.5 Flux calculation from CH 3Br concentrations 
After the concentration (pptv) of CH 3Br in the sample was calculated using the 
appropriate calibration curve it was then converted into molecules m 3 using Equation 
2-1: 
Equation 2-1 	Concentration (molecules m3) = pptv concentration x 10-12 x P 
kT 
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P is atmospheric pressure (1.013 x  105 N m 2), k is the Boltzmann constant (1.381 
10 23  J IC) and T is the absolute temperature (K). The temperature was measured on 
each sample occasion and inserted in this equation. To obtain the concentration in moles 
the concentration in molecules m 3 is divided by Avogadro's number (6.022 x 1023) . 
Further multiplication by the molecular mass of CH3Br (95 g mol') gave the 
concentration in g m 3 . The headspace volume of the chambers, their surface area and 
the enclosure time was taken into account in order to obtain the net flux of CH 3 Br in ng 
M-2 h from the chambers. Net  fluxes from deciduous leaf litter, conifer needle litter 
and rotting wood were expressed per mass of fresh substrate in ng kg -1 h'. 
The calculation of the detection limit for quantification of a net positive or negative flux 
in an enclosure chamber (as compared with a zero net flux) is based on the ability to 
discern a significant difference in GC peak area (and hence in the CH 3 Br concentration) 
of a headspace sample from an enclosure compared with a sample of ambient air. Based 
on analysis of the variability of replicates and uncertainty in calibration fits it was 
estimated that there was significant confidence of a difference between samples when 
the difference corresponded to a mixing ratio of 4 pptv. (This corresponds to a 
difference of 400 area units in the GC chromatogram). A 4 pptv net difference in 
mixing ratio from background corresponds to a net CH 3Br flux of 14 ng m 2 h 1 and 12 
ng m 2 h 1 for the salt marsh and woodland field chambers, respectively, and to a CH 3Br 
net flux of 1.6 ng kg' h' for rotting wood, 10 ng kg- I  h for deciduous leaf litter and 2 
ng kg-1 h' for conifer needle litter enclosures. 
2.2.6 Enclosure time 
Experiments were conducted in order to determine a suitable enclosure time. A balance 
had to be found between a time period that was short enough to not affect the vegetation 
enclosed, e.g. cause stress, but long enough to accumulate a sufficient concentration of 
CH3Br for accurate analysis by the method previously described. 
A first set of experiments on salt marsh chamber pair L5&L6 and woodland chamber 
pair B3&B4 was conducted with continuous enclosures, where the lids were not 
removed between enclosures but the three-way-tap was opened to allow pressure 
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Figure 2-8: (a) Measured headspace CH 3Br mixing ratios and (b) CHBr flux calculated from these 
mixing ratios for chambers L5 and L6 at the salt marsh. Each point on the figure is from a 
continuous enclosure, i.e. lids were not opened between enclosures, only the three-way-tap was 
opened to allow pressure exchange to ambient. 
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Figure 2-9: (a) Measured headspace CH 3Br mixing ratios and (b) CHBr flux calculated from these 
mixing ratios for chambers B3 and B4 at the woodland. Each point on the figure is from a 
continuous enclosure, i.e. lids were not opened between enclosures, only the three-way-tap was 
opened to allow pressure exchange to ambient. 
The concentration of the headspace samples was determined as described in Section 
2.2.3; the peak area of background air (taken at 1.5 in height at the appropriate field 
site) was subtracted from the peak area of each sample. Fluxes were calculated from the 
concentrations as described in Section 2.2.5. 
In both salt marsh chambers L5&L6, the concentration increased over time and at the 
woodland, the concentration in both chambers B3&B4 decreased over time. The sample 
concentrations of the woodland chambers were low and pressure adjustment with 
ambient air might have resulted in dilution of the headspace. The calculated fluxes were 
higher after 2 and 7 min than after 17 and 32 min for the salt marsh and at the woodland 
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A second set of experiments was conducted on chamber pair U  &U2 at the salt marsh 
and II &12 at the woodland, where the chamber lid was removed completely between 
enclosure times and the chamber given time to aerate with ambient air (Figure 2-10 and 
Figure 2-11). This was a more realistic experiment to test for enclosure time. Longest 
enclosure time was 10 min at the salt marsh and 15 min at the woodland. 
a) 	 b) 
Figure 2-10: (a) Measured headspace CH 3Br mixing ratios and (b) CH 3Br flux calculated from 
these mixing ratios for chambers Ui and U2 at the salt marsh. Each point on the figure is for an 
individual enclosure, i.e. lids were opened completely between enclosures to aerate the chamber 
with ambient air. 
a) 	 b) 
Figure 2-11: (a) Measured headspace CH 3Br mixing ratios and (b) CH 3Br flux calculated from 
these mixing ratios for chambers 11 and 12 at the woodland. Each point on the figure is for an 
individual enclosure, i.e. lids were opened completely between enclosures to aerate the chamber 
with ambient air. 
The calculated fluxes after a short enclosure time, especially for high-emitting salt 
marsh chambers, were higher than after a longer enclosure time. To calculate the 
average flux over a certain enclosure time, it has to be assumed that the measured 
headspace concentration is the result of a constant flux during the enclosure time. If the 
background concentration is accounted for correctly, the concentration at time zero is 
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zero and a linear increase in headspace concentration with time should be observed. On 
the other hand, if sample concentrations are corrected with an unrepresentative 
background concentration, the fluxes, especially after shorter enclosure time periods, 
might be overestimated. This error will contribute less to higher sample concentrations 
and after longer enclosure times. 
Subtraction of an unrepresentative background concentration results in higher 
calculated fluxes, especially after a short enclosure time period of 2 mm. The error 
might arise in reality because the measured CH 313r background at 1.5 in height may be 
an underestimate of the actual air concentration immediately surrounding the vegetation 
at the instant at which the chamber is enclosed. This will not be an important factor for 
low-emitting chambers. However, the high-emitting chambers emit as a strong point 
source. Due to this gradient of CH 313r close to the surface, the calculated fluxes at 
shorter enclosure times would be higher than after longer enclosure times where the 
higher emissions are less influenced by this bias. 
Figure 2-12 shows example scenarios with correct and unrepresentative background 
concentrations to illustrate this potential source of error. In both scenarios the true 
emission rate is assumed constant at 10 ppt min* 
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Figure 2-12: (a) Example headspace CH 3Br mixing ratios and (b) CH 3Br flux calculated from these 
mixing ratios for two scenarios, with the true background concentration (10 ppt), filled dots, and 
with an unrepresentative background concentration (8 ppt) subtracted from the sample 
concentration, unfilled dots. 
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• The true background concentration at chamber level is 10 ppt which is correctly 
subtracted from the sample concentrations. The measured headspace concentrations 
would be 30 ppt at 2 mm, 60 ppt at 5 min and 110 ppt at 10 min corrected to 20 ppt at 2 
mm, 50 ppt at 5 min and 100 ppt at 10 mm, plotted as filled dots. 
o An unrepresentative background is subtracted from the sample concentration 
because the background at the 1.5 m measurement height is only 8 ppt. So the measured 
headspace concentration of 30 ppt at 2 mm, 60 ppt at 5 min and 110 ppt at 10 mm 
would be incorrectly corrected to 22 ppt at 2 mm, 52 ppt at 5 min and 102 ppt at I mm, 
plotted as unfilled dots. 
This phenomenon would be less important or negligible at the woodland site where the 
concentrations in the chambers were lower and closer to the limit of detection. Chamber 
12 of the woodland site showed decreasing CH 313r concentrations in the headspace over 
15 min but chamber 12 showed decreasing concentrations up to 10 min and then a slight 
increase at 15 mm. Calculating fluxes of the concentrations resulted in a higher flux 
after 2 min than 5, 10 or 15 mm. 
CH3 13r concentrations very close to the limit of detection (Section 2.3) were measured 
in lower-emitting chambers of the salt marsh after 2 mm. A higher concentration, as 
built up after 10 mm, can be analysed with more confidence in the obtained 
concentration. The experiments to investigate the length of the enclosure time were 
conducted in the growing season. The CH 3Br concentrations in the headspace of the 
chambers are smaller in the non-growing season. Therefore an enclosure time longer 
than 2 min is necessary to allow CH 3Br accumulation to detectable concentrations. 
From the eight chambers installed at the salt marsh site only two were high-emitting 
and the remaining six were low-emitting. Only two background air samples from each 
site were taken on each site visit which needed to be representative for most of the 
chambers. So any "underestimation" of the chamber-level background concentration 
would only occur in a few chambers. A longer enclosure time would minimise any 
effect resulting from an unaccounted gradient of a high emitting chamber on calculated 
fluxes (Figure 2-12b). 
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Therefore, as a pragmatic balance, an enclosure time of 10 min was selected, mainly to 
ensure the CH 3Br concentrations, especially of lower emitting chambers and in the non-
growing season, were sufficient for accurate analysis. All net fluxes from field 
chambers presented in this thesis were derived from this enclosure time. The controlled 
experiments (with deciduous leaf litter, conifer needle litter, rotting wood and soil 
cores) were carried out with an enclosure time of only 5 min because the smaller 
volume of headspace in the enclosure containers resulted in a more rapid increase in 
headspace CH 3 Br concentration. 
2.2.7 Controlled experiments in the laboratory and unheated greenhouse 
Controlled experiments enclosing soil cores and woody or non-woody litter were 
carried out in the laboratory and unheated greenhouse using opaque plastic containers of 
10 L volume as shown in Figure 2-13. The containers were sealed with airtight lids 
which were fitted with 3-way-taps for easy and quick gas sample withdrawal. Enclosure 
time was 5 minutes. The sampling and CH 3 Br analysis procedure was the same as 
previously described for field samples. 
Container (volume 10 L) 
l-Ieadspace 
(-8.5 L) 
Leaf Litter - 
Depth 
7_== II 
Close fitting lid with 
3-way-tap connection 
Figure 2-13: Schematic of an enclosure chamber used for controlled indoor experiments; here for 
an example of leaf litter enclosure. The same setup was used for enclosure of rotting wood, conifer 
needle litter, deciduous leaf litter and soil cores. 
2.2.8 Storage test 
A storage test was conducted to confirm that keeping the headspace samples in Tedlar 
bags for approximately 2 days, which was normally the maximum storage time for 
samples before analysis, did not result in significant losses of CH3Br sample 
concentration. Calibration standards of four different CH3Br concentrations were 
prepared, stored in Tedlar bags and re-analysed after 2, 4 and 7 days. Results are shown 
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in Figure 2-14. Although the slope of the regression line decreased from 70.5 to 60.5 
after one week it was only marginally different between the first analysis of the fresh 
standards and the re-analysis after two days (slopes of 70.5 and 69.3 respectively). 
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Figure 2-14: Storage test of 4 CH 3Br calibration standards over 1 week. The same standards were 
analysed after 2, 4 and 7 days. 
The concentrations of the standards after 2, 4 and 7 days were, on average, 95.3%, 
93.9% and 91.4% of the concentration of the fresh standards, respectively. However, 
the Tedlar bags containing the standards for this experiment were kept in the laboratory 
in the light, whereas the Tedlar bags containing the samples were always stored in the 
dark. The influence of light could have had a greater effect on the standard 
concentrations in this experiment and therefore could have resulted in greater losses 
than would actually occur in the sample bags. 
2.3 Estimation of uncertainties in the CH 3Br analytical procedure 
Potential sources of inaccuracy and imprecision in the analytical quantification of 
CH 3Br by the GC-ECD method include the following: 
• The certified value of the certified gas standard; 
• Dilution of the certified standard to the working standard; 
• Dilution of the working standard into the series of calibration standards; 
• The analytical system, i.e. variability in transfer through the pre-concentration unit, 
the chromatography performance and the ECD; 
• Integration of the CH3Br peaks in the chromatogram; 
• Interpolation of the sample concentration from the calibration curve. 
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Assuming that uncertainties can be combined as random errors, the final relative 
standard deviation of the sample CH313r concentration can be derived from estimated 
uncertainties in different parts of the analytical process as shown in Equation 2-2. The 
value assigned to each component is explained step by step in the following text. 
Equation 2-2 	r.s.d. = i.J(ASld )2 + ( ' dII,aion y + (rIi 	+ ( inlerpo1afion = 
Where 
= uncertainty in the certified standard (2%) 
Adilution 	 = uncertainty in the dilution process (1.5%) 
Arepiicate 	 = uncertainty in the peak area replications (2.9%) 
interpolation 	= uncertainty in the interpolation from a calibration curve (14%). 
Calibration standards were prepared using a 500 ppbv CH 3Br in nitrogen gas standard 
from Air Products & Chemical Inc. which was certified to ±2% accuracy (Afd in 
Equation 2-2). For the dilution process, syringes with the following degrees of precision 
were used for gas transfer into the Tedlar bags used for the dilution and storage of the 
diluted standards: 1000 mL ±5 mL (±0.5%), 60 mL ±0.5 mL (±0.8%), 10 mL ±0.05 mL 
(±0.5%) and 5 mL ± 0.05 ml (±1%). 
Combining the relative standard deviation (r.s.d.) values of the sequential dilution steps 
(r.s.d =j(0.52 +0 . 8 2 +0 . 5 2 +12) =1.5), yields an estimated precision for the dilution 
process of±1 .5% (Adjl utjon in Equation 2-2). 
Calibration standards were analysed approximately once a week in order to derive 
sample concentrations. At least 3, but normally 4, different calibration standard 
concentrations were prepared and analysed in duplicate or triplicate. Linear regressions 
were fitted to data plots of peak area versus concentration using Microcal Origin or 
Microsoft Excel. In order to determine the combined uncertainty arising from intrinsic 
variability in the pre-concentration steps, the GC separation, the ECD response and the 
peak area integration, the standard deviation s and the relative standard deviation r.s.d. 
from each set of replicate injections (i.e. n=3 or 4) were calculated. 
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The r.s.d. of replicate injections of calibration standards (listed in Table 2-1) analysed 3 
or 4 times ranged from 0.03% to 10% (n=30). The mean r.s.d. of the replicate injections 
was 2.9% (Lirepiicate in Equation 2-2). 
Table 2-1: Summary of the calibration standards data used for estimation of uncertainty in the 
















14/03/2005 10-100 3 4 (n=12) 0.9973 75.96 2.79 
31/03/2005 10-400 4 3 (n=12) 0.9998 67.21 0.52 
04/04/2005 10-500 4 3 (n=12) 0.9996 69.66 0.99 
14/04/2005 10-750 4 3 (n=12) 0.9994 68.18 0.99 
22/04/2005 10-100 3 2 (n=6) 0.9971 68.39 2.13 
25/04/2005 10-500 4 3 (n12) 0.9992 73.81 1.26 
04/05/2005 10-250 4 3 (n=12) 0.9998 79.73 0.64 
12/05/2005 10-1000 4 3 (n=12) 0.9996 65.50 0.77 
The sets of calibration standards listed in Table 2-1 were also used for the estimation of 
uncertainty due to interpolation from the linear regression line, i.e. relating to the 
standard error of the regression line fit. A plot of all the calibration curves used for the 
calculation of the CH 3 Br sample concentrations over the entire analysis period is shown 
in Figure 2-15 and the gradients of these calibration curves are plotted as a time series 
in Figure 2-16. The average gradient was 72. No systematic error in the calibration 





















0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 
CH3Br concentration (ppt) 
Figure 2-15: MI calibration curves used to calculate sample concentrations over the entire analysis 
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Figure 2-16: Time series of the gradients of all the calibration curves shown in Figure 2-15. 
Equation 2-3 was used to estimate the standard deviation, so, of the CH 3Br 
concentration xo from the calibration standards described in Table 2-1. 
U 
— 	I 
Syir 1 + 1 + 	(YO I, Equation 2-3 	 = 	
2 ( n bx, - )
2 j 
In this equation, yo  is the experimental value of y (the CH3Br peak area) from which the 
CH 3 Br concentration XO was determined, s lx is the standard error of the regression line, 
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b is the gradient of the line and n is the number of concentrations. The average of the 
relative standard deviation calculated using so from Equation 2-3 was 14% (&nterpoiaiion 
in Equation 2-2). Therefore the final relative standard deviation of the sample 
concentration was calculated as 14.5% (Equation 2-2). 
2.4 Methodology for methane (C!! 4) analysis 
Some enclosure headspace samples were also analysed for methane (CH4), to 
investigate whether there were similar patterns in CH 4 and CH3Br flux, using a separate 
HP 5890 (series 2) gas chromatograph equipped with a flame ionisation detector (GC-
FID). The nitrogen carrier gas was set to 440 kPa, equivalent to approximately 21 mL 
mind flow rate, and the hydrogen and air for the FID were set to 120 and 240 kPa, 
equivalent to flow rates of approximately 25 and 63 mL min -  Separation 
was via a 1/8 inch packed column (Poropak QS 80-100 mesh) and the GC oven was 
held at 50 °C isothermally. The injector temperature was 70 °C and the detector 
temperature 250 °C. The Tedlar bags containing the gas samples were connected via 
luer fittings to an automated injection system fitted to the GC. Analyses for CH4 were 
performed after the samples had been analysed for CH 3 13r. Peaks were integrated using 
Peaksimple software. 
Certified CH4 standards (BOC gases) were purchased in three different concentrations 
(1.2 ppm, 3.9 ppm and 9.5 ppm CH4 in nitrogen) which were certified to ±5% accuracy. 
For calibration, standard gases were drawn out of the standard cylinders and transferred 
into IL Tedlar bags which were connected to the automated injection system via luer 
fittings. Calibration standards were analysed usually before and after the sequence of 
samples. Sample concentrations were derived from a calibration curve fitted through 
plots of the peak areas versus the standard concentrations. 
A reproducibility test was performed in order to determine the uncertainties related to 
the analytical method. Repeated injections from standards and air samples on just one or 
different ports of the automated injection system were conducted on the same day. 
Additionally a storage test was performed, and the peak areas of three different standard 
concentrations and three outside air samples each stored over a one week period are 
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Figure 2-17: Cl4 peak areas of three different standard concentrations and three outside air 
samples stored and analysed over a one week period. 
The final relative standard deviation of the sample CH 4 concentration was calculated as 
shown in Equation 2-4: 
Equation 2-4 	 r.s.d. = j(A$d 
)2 + 
('repIicate  + (t Interpolation )2 
	
= 5.04 % 
Where 
Astd 	 = uncertainty in certified standards (5%) 
'-'replicate 	 = uncertainty in the GC peak area replications (0.56%) 
Ainterpoiation 	= uncertainty in the interpolation from a calibration curve (0.3 5%) 
The standard deviation between replicate injections ranged from ±0.19% to ± 1.17%. 
The mean relative standard deviation of repeated injections (n=21) was 0.56%. The 
uncertainty in the interpolation from a calibration curve was derived as described for 
CH 3 Br in Section 2.3 to 0.3 5%. 
Figure 2-18 shows the variation in the peak areas of CH 4 standards over the entire 
period of analyses. There was no systematic variation in instrument performance. The 
derived concentration of CH 4 in background air over the whole period of measurements 
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Figure 2-18: Time series of the peak areas of the C11 4 standards over the entire period of analyses, 
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Figure 2-19: Measured CH4 concentrations in background air at the salt marsh and woodland sites 
at each sampling occasion throughout the entire measurement period, August 2005 until June 2006. 
The mean background concentration of CH 4 was 2.05 ppm at the woodland and 
2.02 ppm at the salt marsh site and therefore very similar. The current atmospheric 
mixing ratio is -4.8 ppm (Keppler et al., 2006). The measured mixing ratios at both 
field sites investigated in this work were slightly higher. The salt marsh is located close 
to a strip of wetland and farms (animals) and the woodland is also located not far away 
from farms which are known sources of CH4 (Keppler et al., 2006). The proximity to 
local CH4 sources may result in the higher measured CH 4 mixing ratios. Some of the 
fluctuation of CH 4 in the background air was also due to the instrument performance. 
However, for the calculation of fluxes from enclosures, only the difference between the 
background air concentration and the concentration measured in the chamber headspace 
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is important. These differences were unaffected by the different measured peak areas on 
different days. All measured samples gave a peak area above the lowest CR 4 standard 
(1.2 ppm) and were therefore well above the detection limit. 
2.5 Methodology for determination of soil properties 
Soil properties were determined from samples taken close to the collars of enclosure 
chambers at both field sites on two occasions near the start of the measurement period. 
Soil samples were collected with an auger from outside each of the chambers on 29th 
March 2005 for determination of pH, water-extractable bromide (Bf), chloride (Cl) and 
sulphate (S042 ), particle size, elemental carbon (C) and nitrogen (N). Density and 
volumetric water content were determined from soil collected in cylinders on the same 
occasion. Mixed bulk samples were made up and sieved to 2 mm. On 26th April 2005 
seven samples were taken around each pair of chambers and mixed into bulk samples 
separately for two depths (0 - 10 cm and 10-20 cm) for organic matter and microbial 
biomass-C determination. 
2.5.1 Gravimetric water content 
About 10 g of fresh soil of each mixed sample was accurately weighed into crucibles 
and dried in an oven at 105 °C until constant weight was attained (for two days). 
Samples were then cooled in a desiccator and reweighed. The water content was 
expressed as the mass of water relative to either the mass of dry soil or the mass of fresh 
soil. 
2.5.2 Volumetric water content 
Soil samples were collected using stainless steel cylinders of diameter 7.4 cm and 
height 7.3 cm. The fresh soil plus cylinder was weighed, placed in an oven at 105 °C 
until constant weight (two days) and then reweighed. The difference in mass gave the 
loss of water. The volumetric water content was expressed as volume of water relative 
to the volume of soil in the cylinder. 
2.5.3 Density 
Soil samples were collected using a stainless steel cylinder as described above. The 
fresh density of the soil was expressed as mass of fresh soil to the volume of the 
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cylinder. The dry bulk density was expressed as the dry mass of the soil (as determined 
by drying to constant weight at 105 °C) to the volume of the cylinder. 
2.5.4 Porosity 
The soil porosity (Equation 2-5) was calculated considering the volume of the above 
mentioned cylinder (cm 3) and mass of dry soil (g) after drying at 105 °C. For most soils 
the density of the solid particles is approximately 2.65 g cm-3 (Rowell, 1994). 
(volume of cylinder - (mass of dry soil! 2.65)) 
Equation 2-5 Porosity (%) = 
	
X100 
volume of cylinder 
2.5.5 pH 
Soil pH was determined by mixing fresh soil in de-ionised water in a 1:2.5 mass ratio. 
50 mL of de-ionised water was added to 20 g of fresh soil, stirred thoroughly for 30 s, 
and then left for 30 min to settle. The pH was measured in the suspension using a pH-
meter. 
2.5.6 Water-extractable bromide (Br), chloride (C1) and sulphate (S0 42 ) 
To determine water-extractable soil anions, 100 mL of de-ionised water was added to 
approximately 10 g of fresh soil accurately weighed into 250 mL beakers. The beakers 
were placed on a shaker at 200 rpm for one hour. The samples were then filtered using 
Whatman 42 filter paper. The clear soil extract was analysed for Bf, Cl - and S042 using 
a Dionex ion-exchange HPLC. Soil extracts and de-ionised water blanks were analysed 
in duplicate. Results were expressed as .Lg of anion per g dry soil. The water content of 
the soil samples was accounted for as shown in Equation 2-6 as an example for Br. 
- 	 - Equation 2-6 Br (pg g dry soil) = Br (mg L ) x (100 + water content of soil (g)  
mass dry soil (g) 
2.5.7 Soil organic matter by loss on ignition 
The mass loss between 105 and 500 °C is known as the loss on ignition and is an 
approximate measure of the organic matter content in soils (Rowell, 1994). 
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About 10 g of fresh soil was accurately weighed into crucibles, in triplicates, and placed 
in an oven at 105 °C until constant weight was reached (two days). Samples were then 
cooled in a desiccator and re-weighed. The oven-dried soil was subsequently placed in a 
furnace at 500 °C overnight, cooled in a desiccator and re-weighed to give the 
remaining mass of soil ash. The mass lost by ignition was expressed relative to the mass 
of oven-dry soil as shown in Equation 2-7: 
Equation 2-7 
( 
Loss on ignition (g 100g 1 oven dry soil) =I 
	oven dry soil—mass ignited soil 
100x 	
mass oven dry soil 
2.5.8 Soil microbial biomass-C by soil fumigation-extraction technique 
The soil microbial biomass-C is defined as the living part of the soil organic matter with 
the exclusion of soil fauna larger than 5 x 103 m and plant roots (Jenkinson and Ladd, 
1981) and measured as the mass of soil C in living and recently dead soil 
microorganisms (mainly bacteria and fungi). One of the methods for determining the 
soil microbial biomass is the soil fumigation-extraction technique using chloroform as 
fumigant (Ohlinger, 1995), which was the method used in this work. 
Non-fumigated sub-samples (analysed in triplicate) were weighed into plastic beakers 
(20 g each) and extracted by shaking with 100 mL of 0.5 M K2 SO 4 (saturated) at 
100 rpm for 30 mm. After shaking, the soil extracts were decanted into centrifuge vials 
and spun in a centrifuge for 10 mm. The resultant clear solution was decanted into 
storage vials and frozen until analysis. 
Sub-samples for fumigation were weighed into glass beakers (20 g each) and fumigated 
with chloroform for 24 h. The samples were then extracted with K 2 SO4 in the same way 
as the non-fumigated sub-samples. Two empty beakers for both the fumigated and non-
fumigated samples were subjected to the whole process and acted as blanks to account 
for any adsorption of organic carbon or chloroform onto the beaker surface. 
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Soil extracts were analysed for organic C using a DC-80 Rosemount Dohrmaim Total 
Organic Carbon (TOC) Analyser. Extracts were shaken to precipitate out any carbonate 
and subsequently decanted into a glass vial. Each vial was acidified with concentrated 
ortho-phosphoric acid (1 drop) and purged with oxygen-free nitrogen for 5 mm. 
Samples were then filtered through a 0.45 .tm Millipore Milex-LCR Hydrophilic PTFE 
filter and 1 mL was injected into the TOC analyser and quantified against carbon 
standard solutions prepared with potassium hydrogen phthalate. 
The soil microbial biomass was determined from the difference in organic-C 
concentration of the fumigated (F) and non-fumigated (NP) soil samples. The organic-C 
detected by the TOC analyser is referred to as extractable carbon (EC) which was 
corrected for soil water content by converting 20 g of fresh soil into 100 g of dry soil 
(Equation 2-8 and Equation 2-9). The mean was calculated for replicate sub-samples. 
Equation 2-8: Fumigated soil EC (corrected for soil water content) 
EC [mg C(100 g dry soil)'] = GEC'IF —[EC] 8 
x [(V 204 ) + (M011 x fA X100 
(M 01 X AM)  x 1000 
Equation 2-9: Non-fumigated soil EC (corrected for soil water content) 
EC[mg C(100 g dry soil)'] ([EC]NF —[EC]
8 x [(VK2s04) + (M 01  x f)1 X100 
(M01 X fDM)  x 1000 
Where ECF = extractable C from fumigated fresh soil extracts (mg U') 
ECNF = extractable C from non-fumigated fresh soil extracts (mg U') 
ECBLK = extractable C from blank control samples (mg U') 
VK2s04 = volume of extractant (mL) 
- mass of soil (g) 
= fraction of water 
.fDM 	= fraction of dry matter 
The extractable C is the chloroform-labile pool and is proportional to the soil microbial 
biomass. The difference between the corrected EC from the fumigated and non- 
fumigated soil samples gives the total EC from the organic C alone. To convert this 
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organic-flush into soil microbial biomass-C, a factor KEC is used to account for non-
extractable soil microbial biomass-C (Equation 2-10). 
Equation 2-10 Biomass - = [(Corrected EC) - (Corrected ECNF )] 
KEC 
Where Biomass-C and corrected EC (F and NF) are expressed as: 
mg C (100 g dry weight)' 
KEC = 0.35 was used after Ohlinger (1995). 
2.5.9 Total carbon (C) and nitrogen (N) analysis 
Fresh soil samples were dried for 48 h at 40 °C and subsequently ground with a pestle 
in a mortar. Approximately 10 mg was accurately weighed into tin capsules for C and N 
analysis. Analysis for total elemental C and N was performed using a Carlo Erba NA 
2500 Elemental Analyser. Results were expressed as percent C and N in each sample as 
well as the C/N ratio. 
2.5.10 Particle size analysis 
The size distribution of soil particles in suspension in the range 0.4 pm - 800 p.m were 
measured by laser diffraction using a Beckmann Coulter LS 100. 
To prepare samples for analysis, the sand fraction was removed from the soil by sieving 
and 0.6 g of fresh soil was then accurately weighed into beakers, 100 mL of 4% 
sodium-meta-phosphate solution added and the beakers were ultrasonicated for 10 mm 
to break up aggregates. The particle size distribution was then determined from the 
diffraction pattern of a laser beam passing through a chamber containing the particles in 
suspension. The intensity of scattered light on the photo-detector array was converted 
into a particle size distribution plot via a mathematical algorithm. The soil texture was 
then assigned by using a soil textural triangle. 
2.6 Statistical data analysis 
Statistical data analysis was performed using Mimtab 15 software. However, there were 
limitations of applicability of statistical tests for the data presented in this thesis. For 
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instance, statistical analysis of time dependent data is not trivial because the data points 
are not independent and therefore amalgaming data is not appropriate. Repeated 
measures also have to be considered. MANOVA (multivariate ANOVA) can be used to 
analyse such data and compare between "treatments" considering all times combined. 
However, there are also limitations with the degrees of freedom. If there are too many 
time points in relation to the number of individuals measured at each time, the 
calculations required in this analysis cannot be done. Another complication is that the 
results contain more than one p-value. So unfortunately, but inevitably, some datasets 
give results that are only significant to one version of the test and not significant using 
another. 
Alternatively tests like the paired t-test can be performed considering only two different 
time steps. So data points from one point in time can be compared with data points from 
another point in time. In doing so, however, information about the whole time series 
will unavoidably be lost. 
All statistical analyses, i.e. testing for significance, with data presented in this thesis 
were carried out using the 95% confidence interval and all statements about significance 




3 	CH3Br emissions from a temperate salt marsh 
3.1 Introduction 
In the most recent detailed study, the sum of estimated sources of CH313r globally falls 
short of the sum of estimated sinks by 59 Gg y', and the range of uncertainty in this 
value spans -156 to +338 Gg y' (Yvon-Lewis, 2000). The uncertainties in the natural 
CH3 13r budget need to be reduced in order to assess better the benefit of anthropogenic 
emission reduction and to predict any potential effects of future climate and land-use 
change on CH 3 13r emissions. A current best estimate still indicates a global source 
shortfall for CH313r of -18 Gg y 1 , corresponding to -10-15% of estimated annual flux 
(Yvon-Lewis et al., 2004). The global data above incorporate the estimate, derived from 
measurements in California, that emissions from salt marshes may contribute almost 
10% to total known global sources of CH 3 13r (Rhew et al., 2000). 
Hence salt marshes, with their relatively high bromide content (from seawater 
inundation) and organic carbon content, are likely terrestrial ecosystems to study for 
CH313r emissions. Aside from the above-mentioned measurements at two adjacent 
southern Californian salt marshes (Rhew et al., 2000; Rhew et al., 2002; Bill et al., 
2002a), data on CH 313r emissions from only two other coastal sites have been published: 
a coastal wetland in Tasmania (Cox et al., 2004) and a coastal marsh in Ireland (Dimmer 
et al., 2001). The authors' terminologies are used, but all are assumed to be heavily 
marine influenced. In a recent study, Manley et al. (2006) refined estimates by Rhew et 
al. (2000) in their study of a southern Californian salt marsh in which individual plant 
species were enclosed. Published raw data from all these studies appear to comprise a 
relatively small number (a few tens) of individual temporal and spatial measurements so 
there remains a paucity of data for CH313r emissions from salt marshes. Since emissions 
are likely to have high spatial and temporal variability, it is important to gather detailed 
data from different regions and seasons in order to improve the emission flux estimate. 
This chapter describes measurements of CH313r emissions, including diurnal 
measurements, from a salt marsh in East Lothian, Scotland, from February 2005 until 
August 2006 resulting in a dataset of about 500 individual measurements. The influence 
of soil and air temperature, soil properties, water table, solar flux and vegetation on 
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CH3Br fluxes was investigated. The dataset constitutes the most extensive set of CH3Br 
fluxes from salt marshes to date. 
3.2 Description of the salt marsh site (East Lothian) 
3.2.1 Management and vegetation 
The investigated salt marsh is located on the North Sea coast of Scotland (56°00' N, 
2°35' W) and part of the John Muir Country Park in East Lothian near Dunbar, which 
comprises cliffs, dunes, woodlands, salt marshes, scrub and permanent grassland. The 
park was designated in 1976 and covers 733 hectares, stretching from Belhaven (just 
outside Dunbar) to Tyninghame. The park is home to a diverse collection of animal life, 
including several species of butterfly and moth and over 400 species of plants. The salt 
marsh is part of a nature reserve and has no other land-use. Figure 3-1 shows the salt 
marsh in spring (a) covered in sea thrift (Armeria maritima) and (b) in winter with low 
vegetation, mainly grass such as red fescue (Festuca rubra). 
4 
. 	 .- 	
:. • 	
-. 	. 	 .,, 	," .- .&. . 
SA 	 At 
. 	 .. 
a) 	 b) 
Figure 3-1: Salt marsh at John Muir Country Park, East Lothian, in (a) spring and (b) winter 
Eight collars for enclosure chambers were permanently installed at the salt marsh from 
February 2005 until August 2006. Enclosure collars were located as four pairs, with the 
collars in each pair separated by <1 m and intended to act as replicates. Collar pairs 
U1&U2 and U3&U4 were situated in an upper, drier area of the salt marsh, while collar 
pairs L5&L6 and L7&L8 were situated in a lower, wetter area. The proportion of drier 
and wetter areas in the whole salt marsh was approximately equal. All collars were 
located on vegetated intertidal areas and were subject to inundation by seawater 
approximately every two weeks. The dominant vegetation in the upper area collars (UI - 
We 
Chapter 3 
U4) was Aster tripolium, Festuca rubra, and Spergularia sauna. Representatives of 
Triglochin maritimus, Plantago maritima, Salicornia spec., and Armeria maritima were 
also present in the upper area but generally not in the collars, or, if present, only in very 
small quantities. In contrast, Plantago maritima and Armeria maritima were the 
dominant plant species in the lower area collars (L5-L8), while Festuca rubra, 
Salicornia spec., and Spergularia sauna were less common but also found inside the 
collars. 
Two additional collars labelled A9 and AlO were installed later, on 10th April 2006, and 
monitored until the end of the measurement period. They were located as a pair further 
away from the coastline, closer to the woodland in an area thought to receive less 
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Figure 3-2: Location of the chamber pairs at the salt marsh. Gridlines are at 1 km spacing (Map: 
Ordnance Survey) 
On each sampling occasion, between 9:30 and 11:30 in the morning, measurements were 
made of the air and 10 cm soil depth temperatures, and of the water table depth below 
ground surface in four dip-wells (perforated tubular wells), each permanently installed 
between each pair of collars U1&U2, U3&U4, L5&L6 and L7&L8. The level of 




Figure 3-3 shows photographs of all ten collars of the enclosure chambers with the 
vegetation present on 10th July 2006. The above-ground vegetation was removed from 
collars U2, U4, L5, L8 and A9 on 10th July 2006 and from collars Ui, U3, L6, L7 and 
A 10 on 10th August 2006. The vegetation composition, meaning the plant species 
present, of the collars in each area of the salt marsh (upper, lower and close to the 
woodland) was similar within the collars of one area, but the vegetation composition of 
the different areas was distinguishably different. After above-ground vegetation 
removal, the dry mass of each plant species in each chamber collar was determined after 
drying at 80 °C for 65 h. 
Figure 3-4 shows diagrams of the proportion of different plant species in the collars of 
each enclosure chamber expressed as dry mass. The total dry mass for each chamber was 
also determined and is indicated on the diagram for each chamber. 
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Figure 3-3: Photographs of the vegetation within the collars of enclosure chambers U! to AlO on 
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Figure 3-4: Proportion of different plant species in the collars of the enclosure chambers determined 
as dry mass after drying at 80 °C for 65 h. Vegetation was removed from chambers U2, U4, L5, L8 
and A9 on 10th July 2006 and from chambers Ui, U3, L6, L7 and AlO on 10th August 2006. The 
masses of individual plant species as well as total dry mass are noted for each chamber. 
There were considerable differences between the masses of plant species tissues in the 
chamber collars. On average the vegetation dry mass was greater in the chambers 
cleared of the vegetation later in the year (August) compared to the ones cleared earlier 
(July) which might be due to vegetation development during the growing season. Even if 
proportions of plant species of a chamber pair or chambers in the same salt marsh area 
were similar, the amount of dry mass was often considerably different. 
3.2.2 Soil Properties 
Soil properties were determined from samples taken close to but outside each collar at 
the start of the measurement period in order to investigate whether there were distinct 
differences between the upper and lower salt marsh areas. An auger was used to collect 
soil samples from the top 10 cm on 29th March 2005 for determination of pH, bromide 
(Br), chloride (Cl -), sulphate (SO4 2-), particle size, elemental carbon (C) and nitrogen 
(N); density and porosity were determined from soil taken in cylinders. Mixed bulk 
samples for each collar were made up and sieved to 2 mm. On 26th April 2005 seven 
samples were taken around each pair of collars and mixed into bulk samples separately 
for two depths (0 - 10 cm and 10 - 20 cm) for microbial biomass-C and organic matter 
determination (for analysis details see Chapter 2). 
From particle size analysis the soil texture of all samples was determined to be a silt 
loam. Figure 3-5 shows that the density of the fresh soil varied between 1.14 and 1.31 g 
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cm-3  with a lower density in the lower salt marsh area where chambers L5 to L8 were 
located, averaging 1.18 g cm -3, and a higher density of 1.28 g cm -3 on average in the 
upper part of the salt marsh where chambers U 1 to U4 were located. The dry bulk 
density varied between 0.50 and 0.56 g cm-3 in the upper salt marsh area, which was also 
higher than at the lower salt marsh area where the dry bulk density varied between 0.36 
and 0.43 g cm-3 (Figure 3-5). These values were much lower than reported for an 
Australian salt marsh by Hughes et al. (1998), 0.68-1.24 and 0.9-1.35 g cm-3 for a lower 
and a higher intertidal zone, respectively. Comparison to this study was chosen since no 
documentation could be found of salt marsh soil properties in the UK. 
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Figure 3-5: Soil dry bulk density and fresh density at each of the eight chambers at the salt marsh 
site. 
The soil pH was measured in a suspension of the fresh soil with de-ionised water with a 
mass ratio of 1:2.5. Figure 3-6 shows that the pH did not vary much between the 
chambers. The mean pH was 6.35 and there were no distinct differences between upper 
and lower area. The pH measured here was well below that reported by Wang el al. 
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Figure 3-6: Soil pH at each of the eight chambers at the salt marsh site determined in suspension of 
the fresh soil in de-ionised water with a mass ratio of 1:2.5. 
The water content of the soil around the eight chambers was expressed in different ways. 
Figure 3-7 shows the water content expressed as the mass ratio of water to dry soil, the 
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Figure 3-7: Soil water content at each of the eight chambers at the salt marsh site expressed in 
percentages as gravimetric, mass of water in relation to mass of dry soil (gravimetric (dry)) or mass 
of fresh soil (gravimetric (fresh)), error bars are ±1 sd of 2 replicates; and expressed as volumetric 
water content (ratio of mass of water to soil volume). 
The soil water content differed considerably between the upper and lower salt marsh 
area. The gravimetnc water content in relation to the mass of dry soil varied between an 
average of 129% at the upper area and 186% at the lower area while the gravimetric 
water content in relation to the fresh soil also differed, averaging 54% and 63% for the 
two areas, respectively. The volumetric water content varied less between the areas and 
was 75% on average at the upper area and 78% on average at the lower area. This 
demonstrated that the lower area of the salt marsh had a higher soil moisture content 
than the upper area as expected due to greater frequency and depth of inundation. 
However, the soil of the entire salt marsh was always very moist and subject to 
saturation at times. 
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The soil porosity was lower in the upper area of the salt marsh, 80% on average, 
compared with the lower area of the salt marsh, 85% on average (Figure 3-8). This 
showed that the soil in the lower area had more pores that could be filled with water 
which also explained the measured higher water content there in comparison with the 
upper area. Furthermore it explains the density results; the soils with higher porosity 
have a lower density. The measured porosity in this work was higher than reported by 
Hughes et al. (1998), for a lower and a higher intertidal zone of an Australian salt marsh 
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Figure 3-8: Soil porosity at each of the eight chambers at the salt marsh site. 
The volumetric composition of the soil, shown in Figure 3-9, again illustrates the high 
soil water content. The air-filled pores only made up a proportion of between 2 and 8% 
of soil volume. The soil particles accounted for 20% on average in the upper area and 








• soil particles 
o air filled pores 
E3 water 
Ui U2 U3 U4 L5 L6 L7 L8 
chamber 
Figure 3-9: Volumetric composition of soil particles, water and air in the soil at each of the eight 
chambers at the salt marsh site. 
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Figure 3-10 shows the proportional composition by mass of soil water, organic matter 
(OM) and solid soil particles excluding OM. The solid soil particles (mass after ignition 
at 500 °C) made up between 30 and 45% of soil mass. The organic matter was 
approximately 10% for all eight chambers while the proportion of water was higher for 
chambers L5 to L8 in the lower area than for chambers U 1 to U4 in the upper area. The 
percentage of soil OM mass lies within the same range as stated by Hughes et al. (1998) 
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Figure 3-10: Proportional composition of ignited soil, OM and water of the soil at each of the eight 
chambers at the salt marsh site. 
The OM content expressed as loss after ignition at 500 °C in g 100 g- I  oven-dry soil for 
two different depths (0 - 10 cm and 10 - 20 cm) of mixed bulk samples from around 
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Figure 3-11: Soil organic matter expressed as loss on ignition at each of the four chamber pairs at 
the salt marsh site in two depths (0— 10 cm and 10-20 cm). Error bars are I sd of 3 replicates. 
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The OM content in the 0 - 10 cm of soil was always higher than between 10 - 20 cm. 
Furthermore, the OM in the 0 - 10 cm was higher in the lower area around chamber 
pairs L5&L6 and L7&L8, 21.4 g 100 g' oven-dry soil on average, than in the upper area 
around chamber pairs U  &U2 and U3 &U4, 18.4 g 100 g- I  oven-dry soil on average. The 
OM matter content at 10 - 20 cm soil depth was more variable and did not show a clear 
difference between the two areas. 
The soil microbial biomass-C was determined by the Fumigation-Extraction Technique 
(Chapter 2, Section 2.5.7). It was determined for mixed bulk samples of two depths (0 - 
10 cm and 10 - 20 cm) from around chamber pairs UI &U2, U3&U4, L5&L6 and 
L7&L8. The microbial biomass-C expressed as mg C 100 g- I  oven-dry soil for the four 
chamber pairs and two depths is shown in Figure 3-12. The biomass-C in all samples 
was significantly higher in the top 10 cm of soil than at 10 - 20 cm depth, between 115 
and 163 mg C 100 g' oven-dry soil for 0— 10 cm and 4 and 11 mg C 100 g' oven-dry 
soil for 10 - 20 cm depth. The soil biomass-C of the top 10 cm in the lower area was 
higher than in the top 10 cm of the upper area, 163 and 136 mg C 100 g' oven-dry soil 
around chamber pairs L5&L6 and L7&L8 compared with 121 and 115 mg C 100 g 
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Figure 3-12: Soil microbial biomass-C at each of the four chamber pairs at the salt marsh site 
measured at two depths (0 - 10 cm and 10 - 20 cm). Error bars are 1 sd of 3 replicates. 
Soil elemental C and N as percentage of soil dry mass is shown in Figure 3-13. Nitrogen 
made up proportions from 0.6% (chamber U4) to 0.9% (chamber L8) of the whole 
sample compared to the amount of carbon ranging from 7.9% (chamber U4) to 11.2% 
(chambers U  and L8). The amounts and proportions varied between all eight chambers. 
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No explicit differences between soils in the upper and lower areas of the salt marsh 
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Figure 3-13: Elemental carbon (C) and nitrogen (N) as percent of soil dry mass in each sample. 
Error bars are 1 sd of 2 replicates. 
Figure 3-14 shows the ratio of elemental carbon (C) to nitrogen (N) for soil taken around 
each chamber. With the exception of chamber L5, which showed a C/N ratio of 15, the 
C/N ratio of the other chambers ranged between 12.5 and 13. No obvious differences 
between the upper and lower area could be identified. 
Figure 3-14: Elemental C/N ratio of the soil at each of the eight chambers at the salt marsh site. 
Error bars are 1 sd of 2 replicates. 
The water-extractable anions (Bf, CY and S04 2 ) in the soil around each of the eight 
chambers are shown in Figure 3-15. The concentrations of Cl - were quite high, with an 
average of 25,000 p.g g' dry soil in the upper area which was less than the lower area, 
with 32,000 p.g g' dry soil on average. The mean concentration of S04 2 varied between 
3030 p.g g' dry soil in the lower area and 3830 jig g dry soil on average in the upper 
area. Since the concentration of Br - was considerably lower compared to the other 
anions it is plotted on a separate y-axis in Figure 3-15. Bromide was on average higher 
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Figure 3-15: Water-available anion concentration (Br, Cl-and 8042)  of the soil at each of the eight 
chambers at the salt marsh site. Error bars are I sd of 2 replicates. 
Since the soil Br concentration may be an important control on CH 313r fluxes it was 
determined again at the end of the measurement period, after the vegetation had been 
removed from the chambers. This time soil samples were taken from inside the actual 
chamber collars, including the two more recently installed collars A9 and A 10, and 
analysed for soil water-extractable Br - concentration using the same method as before. 
Results are shown in Figure 3-16 and compared with soil bromide content measured 
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Figure 3-16: Water-available Br concentration in the soil in each chamber collar at the salt marsh 
site, including chambers A9 and AlO, taken on 24th August 2006. Error bars are 1 sd of 2 replicates. 
For comparison, the soil Br concentration outside the chamber collars, measured the previous year, 
is plotted here again. 
The Br concentration was 79 p.g g' dry soil on average for the upper area which was 
comparable to the result obtained from the soil around the chambers. In chambers of the 
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lower area, the soil Br - content varied between 86 and 124 j.tg g' dry soil, averaging 109 
p.g 9 1  dry soil which was slightly higher than outside the chambers but similar. The soil 
from the two additional collars A9 and AlO, which were installed in an area less 
inundated by seawater, contained substantially less water-available Br, as expected, 
only 41 p.g g' dry soil on average. 
In summary, there were distinct differences in soil properties between the upper and 
lower areas of the salt marsh where chambers U 1 to U4 and L5 to L8 were located, 
respectively. The main difference was the soil water content which was higher in the 
lower area than in the upper area and therefore soil in the lower area was more often 
subject to saturation. The fresh and dry soil densities were lower on average in the lower 
salt marsh area whereas the OM content and the 0 - 10 cm of soil was higher on average 
in the lower area than in the upper area. Another important difference in soil properties 
was that the soil bromide content was higher on average in the lower area than the upper 
area in soil samples from outside the collars at the beginning of the measurement period 
as well as in soil taken from inside the collars at the end of the measurement period. 
Therefore, as well as the vegetation, the upper and lower areas of the salt marsh could 
also be distinguished in terms of several soil properties. 
3.3 Seasonal monitoring of the enclosure chambers 
Measurements of net CH 3Br fluxes were carried out approximately every one to two 
weeks, resulting in 50 sampling occasions, at the salt marsh enclosures from February 
2005 until August 2006. The time series of CH313r emissions from each chamber are 
shown in Figure 3-17 and split into the emissions from chambers U  to U4 only, located 
in the upper part of the salt marsh, in Figure 3-18 and chambers L5 to L8 only, located 
in the lower part of the salt marsh, in Figure 3-19. All chambers were net emitters of 
CH313r except for some which had zero net emissions during the winter at the start of the 
measurement period. No net uptake of CH3Br was ever measured. Apart from the low 
winter emissions all measured emissions were well above the determined detection limit 
for quantification of net flux (14 ng m 2 h, see Chapter 2 for details of determination). 
Mean emissions over the whole measurement period ranged from 163 to 995 ng m 2 h' 
for single chambers and was 385 ng m 2 h' for the whole dataset comprising all eight 
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chambers. A clear annual cycle of increased emissions in summer compared with winter 
was apparent for all eight chambers. The seasonal "amplitude" between average summer 
emissions (mid-March to mid-September) and average winter emissions was in the 
range I to 6 fold. The average summer enhancement across all eight chambers was 3-
fold for both summers 2005 and 2006 compared with winter 2005/2006 with a range of 
1 to 5 and 1 to 6 fold, respectively, for mean and median emissions. Chambers UI and 
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Figure 3-17: Net CH 3Br emissions over the whole measurement period from February 2005 to 
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Figure 3-18: Net CH3Br emissions between February 2005 and August 2006 from the four chambers 
situated in the upper salt marsh. The * and + symbols indicate days classified as sunny, or sunny 
periods, respectively, and show that peaks in CH 313r emissions occurred on these days. 
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Figure 3-19: Net CH 3 Br emissions between February 2005 and August 2006 from the four chambers 
situated in the lower salt marsh. The * and + symbols indicate days classified as sunny, or sunny 
periods, respectively, and show that peaks in CH 3Br emissions occurred on these days. 
A summary of mean, median, minimum and maximum CH 3Br net emissions for the 
whole measurement period, and for each of summer 2005, winter 2005/2006 and 
summer 2006 separately, are shown in Table 3-1 to Table 34, respectively. Each table 
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contains summary data for each individual chamber and for all eight chambers as a 
single dataset. Variation in CH3Br emissions was larger between individual chambers in 
different pairs in the same area (upper or lower) than between the two areas. Thus 
designated replicate chambers clearly did not have similar magnitudes of CH3Br 
emissions. In particular, in each area of the salt marsh there was one chamber which 
emitted significantly more than the others (chamber U 1 in the upper area and chamber 
L6 in the lower area). The net CH3Br emissions from these chambers were persistently 
larger, particularly during March to September (summer), although other chambers also 
showed periods of enhanced emissions. The two highest-emitting chambers (Ui and L6) 
also showed the largest annual variation. 
There was also a strong association between sunshine conditions and the timings of the 
periodic peaks in CH 3Br emissions from the high-emitting chambers above the general 
annual trend. The majority of the peaks in CH 3Br emission occurred on days classified 
as sunny (marked by the * symbols on Figure 3-18 and Figure 3-19). The remainder 
occurred on days classified as sunny periods (marked by + symbols on Figure 3-18 and 
Figure 3-19). None of the peaks occurred on overcast or precipitating days. This 
observation is discussed further in Section 3.6.2. Since sampling was systematically 
undertaken at mid-morning, before the mid-day peak in emissions (see Section 3.5), the 
between-day and between chamber variation in emissions (Figure 3-18 and Figure 3-19) 
was not an artefact of sampling at different times during the diurnal cycle. 
Table 3-1: Summary of mean, median, minimum and maximum CH 3 13r net emissions over the 
whole measurement period for each chamber individually and for all chambers as a single dataset. 
CHBr(ngm 2 h') 
chambers Ui U2 U3 U4 L5 L6 L7 L8 all 
mean 662 163 259 219 206 965 229 312 385 
median 584 143 199 159 131 735 213 236 216 
min 0 0 0 0 0 22 0 3 0 
max 2096 465 1080 860 1379 3002 852 2743 3002 
n (number of 48 43 46 44 44 48 48 45 383 measurements) 
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Table 3-2: Summary of mean, median, minimum and maximum CH 3Br net emissions from mid 
March 2005 to mid September 2005 for each chamber individually and for all chambers as a single 
dataset. 
CH3Br (ng 
chambers U! U2 U3 U4 L5 L6 L7 L8 	all 
mean 800 168 274 294 279 1242 216 451 	472 
median 658 162 199 255 160 997 229 334 	270 
min 216 68 78 67 46 376 35 57 	35 
max 1923 465 710 860 1379 3002 603 2743 	3002 
n (number of 22 21 20 21 21 22 22 22 	171 
measurements) 
Table 3-3: Summary of mean, median, minimum and maximum CH 3Br net emissions from mid 
September 2005 to mid March 2006 for each chamber individually and for all chambers as a single 
dataset. 
CH3Br (ng m 2 11) 
chambers U! U2 U3 U4 L5 L6 L7 L8 all 
mean 166 130 157 141 165 329 225 118 179 
median 130 125 131 121 68 177 129 63 126 
mm 48 7 22 34 17 23 17 5 5 
max 342 348 325 338 698 955 623 365 955 
n (number of 11 11 11 11 11 11 11 11 88 
measurements) 
Table 3-4: Summary of mean, median, minimum and maximum CH 3Br net emissions from mid 
March 2006 to mid August 2006 for each chamber individually and for all chambers as a single 
dataset. 
CH3Br (ng m 2 h') 
chambers U! U2 U3 U4 L5 L6 L7 L8 all 
mean 1028 231 362 210 154 1273 282 251 515 
median 841 176 284 171 166 958 225 236 280 
min 223 95 109 71 40 319 12 35 12 
max 2096 450 1080 521 310 2663 852 496 2663 
n (number of 12 8 12 9 9 12 12 9 83 
measurements) 
Statistical analysis of these time series data is not trivial because the data points are not 
independent and therefore amalgaming data is not appropriate. Repeated measures also 
have to be considered. MANOVA (multivariate ANOVA) can be used to analyse such 
data and compare between "treatments" considering all times combined. However, there 
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are limitations with the degrees of freedom. If there are too many time points in relation 
to the number of individuals measured at each time, the calculations required in this 
analysis cannot be done. Another complication is that the results contain more than one 
p-value. So unfortunately, but inevitably, some datasets give results that are just 
significant to one version of the test and not significant using another. 
Mean emissions over the whole measurement period were slightly greater from the 
lower salt marsh chambers than from the upper area (-430 and -P330 ng m 2 h', 
respectively) which was likely associated with the higher soil bromide content in the 
former. However, the difference between these averages was small compared with the 
large variations between enclosures within each salt marsh area. Statistical analysis 
using MANOVA resulted in one test showing the difference between areas (upper and 
lower) as significant within the 95% confidence interval (p = 0.185, so H 0 (no difference 
in means) had to be rejected) and two tests showing this difference as not significant 
(with p = 0.032 and p = 0.003, so H 0 could not be rejected). 
There was no obvious explanation for these "hot spots" attributable to soil properties 
measured or plant species enclosed. Chambers UI and L6 contained larger dry 
vegetation masses than most of the chambers, but chambers L8 and AlO had similar 
amounts of total dry mass but did not emit as much CH313r. The main difference was 
that chamber U1 contained more Festuca rubra than chambers U2 to U4, however, 
chamber L6 had less Festuca rubra than chamber L8 and similar amounts of Plantago 
maritima to all the other chambers in the lower salt marsh area. Thus in this salt marsh 
study spatial variability in CH 3 Br emissions did not appear to be due to differences in 
plant species or vegetation biomass. In contrast, Rhew et al. (2000) related spatial 
variability in CH 3 13r emissions to the different vegetation zones of the Californian salt 
marsh studied and Manley et al. (2006) also reported an inherent difference in CH 3Br 
emissions between plant species at a Californian salt marsh. The higher CH 3 Br 
emissions from chambers U  and L6 were also not due to a higher soil bromide content 
as measured concentrations were lower than in the other chambers in their areas of the 
salt marsh. 
However, the estimated mass of water-available Br - in the top 10 cm of soil in a chamber 
(assuming an average of 90 p.g Br g' dry soil (Figure 3-16), corresponding to 20 p.g Bf 
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9 1 fresh soil) is —0.3 g Br- . The estimated mass of Br emitted from a chamber as CH 3 13r, 
assuming an average rate of 350 ng m 2 h' over two weeks (because the soil Br is 
replenished from seawater inundation about every fortnight) is only about 10 .tg Br and 
therefore about five orders of magnitude lower than the soil water-available bromide. 
Hence, the measured differences in soil Bf content in the two areas here might be 
expected to have a negligible effect on CH 3 Br emissions. However, only a certain small 
fraction of the total soil Br - pool might be available for processes leading to CH 3Br 
release and then the magnitude of the total soil Br - content would be important after all. 
Perhaps certain processes or metabolic pathways that produce CH 3Br only initiate when 
the soil bromide concentration reaches a certain threshold. Laboratory experiments 
conducted by Gan et al. (1998), where different plant species were planted in soil 
enriched with different concentrations of Bf, showed that CH 313r emissions increased 
proportionally as the soil Br concentration increased from 3.4 to 100 mg kg -1 
(corresponding to gg g') which is in the same range as the soil Br - content measured in 
the salt marsh soil. This also indicates that the soil Br content is an important control on 
CH3Br emissions even if Br in the soil appears to be present in excess compared to Br 
released as CH3Br. 
The net CH 313r emissions from the two additional collars A9 and AlO, which were 
installed further away from the coastline, are shown in Figure 3-20. They showed lower 
net emissions than most of the other chambers, as might have initially been expected 
from their lower soil bromide content, presumably a consequence of their less frequent 
inundation. Maximum net CH 3Br emissions were 350 and 262 ng m 2 h but mean 
emissions were 166 and 135 ng m 2 h 1 which were lower than mean net emissions from 
the other lower emitting chambers during the summer, which all exceeded 210 ng m 2 h' 
on average for summer 2006 (with the exception of chamber L5 that showed only 154 
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Figure 3-20: Net CHBr emissions from chambers A9 and AlO located in an area less frequently 
inundated by seawater. 
A summary of mean, median, minimum and maximum CH 3 13r net emissions for 
chambers A9 and AlO from April 2006 until August 2006 is shown in Table 3-5. The 
last column summarises the summer 2006 emissions for all chambers if chambers A9 
and AlO were included in the calculations. This indicated (from comparison with the 
final column of Table 3-4), that mean and median emissions for summer 2006 are lower 
when data from chambers A9 and Al 0 are included in the calculations. 
Table 3-5: Summary of mean, median, minimum and maximum CHBr net emissions from mid 
April 2006 to mid August 2006 for chambers A9 and AlO individually and chambers U1-AlO as a 
single dataset. 
CH3Br (ngm 2 h') 
chambers A9 AlO Ul-A10 
mean 166 135 452 
median 164 116 229 
min 29 57 12 
max 350 262 2663 
n (number of 
7 10 100 
measurements) 
3.4 Vegetation removal at the end of the measurement period 
Towards the end of the measurement period the above-ground vegetation was removed 
(by hand and using a knife) from the enclosure collars in order to identify the plant 
species present in each collar, determine their dry mass, and examine the role of 
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vegetation on CH3Br emissions by continuing emissions measurements from the 
enclosure collars without the vegetation present. On 10th July 2006 the vegetation was 
removed from collars U2, U4, L5, L8 and A9 and net emissions measured from the bare 
soil another four times until 16th August. The vegetation was removed from the 
remaining collars Ui, U3, L6, L7 and AlO on 10th August 2006 and net emissions 
measured twice more until 24th August. It was not possible to remove all root mass 
without disturbing the soil within the collars, especially for Plantago maritima which 
had very thick and strong roots, so some plant roots remained in the collars and only the 
above ground vegetation was entirely removed. The vegetation seemed to recover 
quickly after removal of above-ground vegetation and started growing back almost 
immediately. Net CH3Br emissions from the collars cleared of vegetation on 10th July 
are shown in Figure 3-21. The measurement from chamber U2 on 19th June is missing 
due to sample-bag leakage. Net  CH3Br emissions decreased significantly after 
vegetation removal but did not cease and even increased slightly a few weeks after the 
vegetation had been removed. As well as vegetation re-growth, the remaining organic 
matter due to root mass might have been oxidised by micro-organisms or via abiotic 
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Figure 3-21: Net CH3 Br emissions from chambers U2, U4, L5, L8 and A9 in the salt marsh site, 5th 
June - 16th August 2006. Above-ground vegetation was removed after the measurement on 10th 
July 2006, as indicated. 
Measured CH3Br emissions from the chambers cleared of vegetation a month later are 
shown in Figure 3-22. Note that the y-axis of Figure 3-22 spans a four-fold wider range 











and L6 before vegetation removal. The results were similar, showing a large decrease in 
CH3Br emissions after vegetation removal but with net fluxes remaining positive. 
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Figure 3-22: Net CH 3Br emissions from chambers Ui, U3, L6, L7 and AlO in the salt marsh, 5th 
June - 24th August 2006. Above-ground vegetation was removed after the measurement on 10th 
August 2006, as indicated. 
The results for these vegetation removal experiments contradict experiments by White et 
al. (2005) who found CH3Br consumption after vegetation removal in peatlands. In the 
salt marsh chambers cleared of vegetation on 10th August, the re-growth of vegetation 
was noticeably less than in chambers cleared in July, probably due to the later time in 
the growing season and the plants therefore being less active. Nevertheless, CH 3 13r 
emissions from soil only were comparable across all ten chambers, ranging from 25 to 
120 ng m 2 h' from the chambers cleared on 10th July and 0 to 140 ng m 2 h' from the 
chambers cleared on 10th August two weeks after vegetation removal, respectively. 
Statistical analysis using a paired t-test for analysing the data points from the last time 
step with vegetation against the data points from the first time step without vegetation 
showed significant differences in CH3Br emissions within the 95% confidence interval 
with p = 0.037 and p = 0.026 for the vegetation removed in July and August, 
respectively. Therefore the CH3Br emissions are significantly different from chambers 
with vegetation compared to chambers without vegetation. 
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3.5 Diurnal CH 3Br emissions 
Apart from the routine sampling at mid-morning every one to two weeks, two chamber 
pairs in the salt marsh, U 1 &U2 in the upper area and L5&L6 in the lower area, were 
sampled every few hours throughout an entire day in summer, winter and spring in order 
to investigate whether CH3Br emissions showed any diurnal pattern. At the same time 
soil and air temperatures and the water table depth in the dip-wells between chamber 
pairs were also measured. It was considered important to conduct measurements in 
different seasons on days with similar weather conditions to understand better the 
seasonal and diurnal variability. 
Summer diurnal measurements were carried out on 10th July 2005, a day with sunny 
periods. Sunrise was at 4:40 and sunset at 21:55. Diurnal net CH313r emissions from the 
four chambers are shown in Figure 3-23. There was a strong diurnal pattern for 
chambers U 1 and L6, peaking at mid-day with net emissions of 3170 and 4034 ng m 2 
W 1 , respectively. The diurnal cycle was not very strong for chambers U2 and L5. Net  
emissions at night (in the dark) were still positive: 640 and 245 ng m 2 h' for chambers 
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Figure 3-23: Diurnal CH 3 Br net emissions in the summer (10th July 2005) at the salt marsh site 
from chamber pairs U1&U2 and L5&L6. Arrows mark times of sunrise and sunset. 
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The soil temperature during enclosures varied between 17 and 20 °C, with the highest 
temperature in the early evening and the lowest in the morning (Figure 3-24a). The air 
temperature (Figure 3-24b) varied between 18 and 22.5 °C, with the highest temperature 
early in the afternoon and the lowest just before sunrise. Soil and air temperature and net 
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Figure 3-24: a) Soil temperature and b) air temperature of chamber pairs U1&U2 and L5&L6 
during enclosures on 10th July 2005. 
The water table depth measured during enclosures is shown in Figure 3-25. The water 
table of the dip-well between chambers L5&L6 was below the well depth (21 cm - 
indicated by the dashed line). The water table between chambers U1&U2 did not vary 
much over the entire day. This case was an exception since normally the water table was 
higher at the lower than the upper area. 
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Figure 3-25: Water table depth of chamber pairs U1&U2 and L5&L6 during enclosures on 10th 
July 2005. The water table between chambers L5&L6 was below 21 cm, the depth of the well which 
is indicated by the dashed line. 
Winter diurnal measurements were likewise carried out on 6th December 2005, also a 
day with sunny intervals and light wind. Sunrise was at 8:27 and sunset at 15:41. 
Diurnal CH3Br emissions from the four chambers are shown in Figure 3-26. 
Measurements taken at 17:00 were already in the dark, as were those taken around 
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22:30. It was not possible to reach chamber pair U1&U2 around 17:00 because of high 
tide, hence there are no measurements for that chamber pair at that time in Figure 3-26. 
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Figure 3-26: Diurnal CH 3 Br net emissions in the winter (6th December 2005) at the salt marsh site 
from chamber pairs UI&U2 and L5&L6. Arrows mark times of sunrise and sunset. 
Net CH3Br emissions of all four chambers peaked around mid-day. Emissions were 
substantially lower than in the summer, with maximum emissions of the higher emitting 
chambers Ui and L6 reaching only 180 and 240 ng m 2 h, respectively. Emissions at 
night went down to zero but did not show uptake. 
The soil temperatures during enclosure remained around 7 °C throughout the day while 
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Figure 3-27: a) Soil temperature and b) air temperature of chamber pairs U1&U2 and L5&L6 
during enclosures on 6th December 2005. 
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The water table between chambers U! &U2 dropped more than between chambers 
L5&L6, from -9 to -19.5 cm compared to from -5 to -7 cm, respectively (Figure 3-28). 
There had been a recent inundation in the morning which possibly explains the large 
decrease in water table depth between chambers Ul&U2 over the course of the day. 
Water table depth and air and soil temperatures appeared not to be directly related to the 
diurnal net CH3Br emissions. 
time of day 
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Figure 3-28: Water table depth of chamber pairs U1&U2 and L5&L6 during diurnal enclosures on 
6th December 2005. 
To investigate a diurnal cycle in CH313r emissions in another season, the same 
measurements were conducted in spring, on 3rd May 2006, a sunny, clear-sky day with 
light wind. Sunrise was at 5:25 and sunset at 20:54. Diurnal CH3Br emissions from the 
four chambers in spring are shown in Figure 3-29. All four chambers showed a clear 
diurnal cycle with net CH313r emissions peaking at mid-day for higher emitting 
chambers Ui and L6 and at mid-day and early afternoon for lower emitting chambers 
U2 and L5, respectively. Maximum emissions from chambers U  and L6 were 2200 and 
2670 ng m 2 h', respectively, while maximum emissions from the lower emitting 
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Figure 3-29: Diurnal CH 3 Br net emissions in the spring (3rd May 2006) at the salt marsh site from 
chamber pairs Ul&U2 and L5&L6. Arrows mark times of sunrise and sunset. 
The samples were additionally analysed for CH4 to investigate whether there was any 
similar pattern to the net CH3Br emissions and the results are shown in Figure 3-30. Net  
CI-L1 fluxes fluctuated between negative and positive values between -30 and 16 jig m 2 
h'. There was no distinct difference between the chambers and no clear diurnal pattern 
of net CH4 emissions and therefore there appeared to be no relationship between diurnal 
net CH3Br and net CI-L emissions. 
-35 
time of day 
Figure 3-30: Diurnal CH 4 net emissions in the spring (3rd May 2006) at the salt marsh site, chamber 
pairs U1&U2 and L5&L6. Arrows mark times of sunrise and sunset. 
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The soil temperature at enclosure increased only slightly during the day from about 10 to 
12.5 °C while the air temperature showed a quite distinct diurnal cycle ranging from 10 
to 19 °C peaking in the early afternoon (Figure 3-31). The air temperature followed a 
similar diurnal pattern to the chamber net CH3Br emissions. However, since this 
association was not notable in the summer and winter diurnal measurements, it may 
indicate that air temperature was not the main driving force for emissions. Perhaps the 
plant/soil biomass is more responsive to temperature at this time of the year, the start of 
the growing season, or there is a threshold of -15 °C above which CH313r production 
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Figure 3-31: a) Soil temperature and b) air temperature of chamber pairs U1&U2 and L5&L6 
during enclosures on 3rd May 2006. 
The water table depth in the dip-well between chambers U1&U2 remained constant 
throughout the day at -20.5 cm while the water table depth between chambers L5&L6 
dropped from -15.5 to -16.5 cm and then below 21 cm, the depth of the well, indicated 
as the dashed line in Figure 3-32. 
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Figure 3-32: Water table depth of chamber pairs U1&U2 and L5&L6 during diurnal enclosures on 
3rd May 2006. The depth of the well between L5&L6 is indicated as the dashed line. No 
measurement points indicate that the water table depth was below 21 cm. 
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For comparison, summer, spring and winter diurnal CH 3Br emissions are plotted into the 
same figure for each chamber separately (Figure 3-33). For all chambers net CH 3Br 
emissions were highest in the summer, followed by spring emissions and emissions were 
lowest in the winter. In all seasons chamber U 1 showed a clear diurnal pattern with net 
CH3Br emissions peaking around mid-day (Figure 3-33a). Emissions were over an order 
of magnitude higher in the summer than in the winter. 
Figure 3-33b shows the diurnal cycles of different seasons for chamber U2, note that the 
y-axis spans an order of magnitude less than for chamber Ui. In spring and winter 
emissions showed a diurnal cycle with emissions peaking around mid-day. However in 
the summer chamber U2 showed a less distinct diurnal cycle with increasing emissions 
over the course of the day. 
Figure 3-33c shows the diurnal cycles of different seasons for chamber L5. In spring and 
winter the diurnal cycles seemed quite distinct with peaking net emissions around mid-
day. In the summer there appeared to be a less clear diurnal cycle with emissions 
peaking in the afternoon. 
Figure 3-33d shows the diurnal cycles for the different seasons for chamber L6. Note 
that the y-axis spans an order of magnitude more than for chamber L5. As for the other 
high emitting chamber Ui, the diurnal patterns were quite distinct in all seasons. 
Emissions peaked around mid-day and were highest in the summer, followed by 
emissions in the spring, with emissions in the winter over an order of magnitude lower 
than in spring and summer. 
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Figure 3-33: Comparison of a winter and summer diurnal cycles of CH 1 Br net emissions from each 
woodland chamber separately: (a) chamber U!, (b) chamber U2, (c) chamber L5 and (d) chamber 
L6. 
There was clearly a strong diurnal variation in net CH 3Br emissions from the higher-
emitting chambers, and smaller (or less clear) diurnal variation in emissions from the 
lower-emitting chambers, in summer, winter and spring. The emissions in winter were 
an order of magnitude lower than in spring and summer, and the width of the cycle was 
much narrower, corresponding to fewer daylight hours. Emissions in spring were 
slightly lower than in summer and showed a slightly narrower cycle, corresponding to 
fewer daylight hours. The diurnal cycle appeared to be smoother in spring which was 
possibly due to the clear-sky conditions. The summer diurnal measurements were 
conducted on a day with sunny periods and deviations from the cycle, for example the 
decrease in emissions for chamber L6 in the early afternoon, might have been due to 
cloud cover. Although CH 3Br emissions were substantially lower at night in all seasons, 
they did not cease completely. Net  CH3Br emissions of the low-emitting chambers U2 
and L5 were also higher in summer than in the winter as for the high-emitting chambers 
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Ui and L6, even though the diurnal cycles were less distinct. There were no apparent 
differences in diurnal CH 3Br cycles between upper and lower area of the salt marsh. 
Diurnal net CH3Br emissions measured from the chambers in the mornings, the usual 
sampling time, were similar for all chambers to the values measured in the long-term 
measurements in the particular season. However, peak emissions measured during the 
summer diurnal cycle were greater than the emissions measured at mid-morning in the 
seasonal monitoring time series around this time. Thus maximum CH 3 Br emissions from 
the chambers are expected to be higher than those shown in the time series graphs. 
3.6 Correlation of CH3Br emissions with environmental factors 
To investigate potential controls over net CH 3Br emissions, the measured long-term net 
CH3Br emissions are here correlated with environmental factors in order to identify 
possible relationships. 
3.6.1 Correlation with temperature 
Soil and air temperatures were measured at the salt marsh site on each sampling 
occasion. The soil temperature was measured at 10 cm depth just outside each chamber 
pair and the air temperature was measured about 1.5 m above the ground surface. The 
soil temperature over the whole measurement period is shown in Figure 3-34 and the air 
temperature is shown in Figure 3-35. 
Soil temperatures were generally slightly higher in the lower area of the salt marsh than 
in the upper area, which could be due to the moderating effect of greater soil moisture 
content in the lower area. Air temperature in the upper area of the salt marsh appeared to 
vary slightly more compared with the lower area, showing higher maximum 
temperatures in the summer and lower minimum temperatures in the winter. This could 
be due to microclimate effects such as the upper area being more exposed and the lower 
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Figure 3-34: Soil temperature (°C) at each chamber pair in the salt marsh measured on each field 
visit for the long-term measurement campaign from February 2005 to August 2006. 
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Figure 3-35: Air temperature (°C) at each chamber pair in the salt marsh measured on each field 
visit for the long-term measurement campaign from February 2005 to August 2006. 
Soil and air temperatures were very similar in all chamber pairs. There were no distinct 
differences between upper and lower area of the salt marsh apart from a slightly greater 
temperature variability in the upper area. Soil temperatures were generally slightly lower 
than air temperatures. 
Both soil and air temperatures showed a seasonal trend as expected with lowest 
temperatures in the winter and highest in the summer. There appeared also to be a 
general seasonal trend in net CH 3Br emissions of the enclosure chambers measured over 

























CH3 Br emissions, net CH3Br emissions were plotted against soil and air temperature 
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Figure 3-36: Net CH 3Br emissions plotted against soil temperature at the salt marsh chambers on 
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Figure 3-37: Net CH 313r emissions plotted against air temperature at the salt marsh chambers on 
each measurement occasion through the whole measurement period. 
Highest CH 3 Br emissions did not occur until the air temperature was at least 7 °C and 
highest emissions did not occur at highest measured temperatures. Hence, there appeared 
to be no strong direct relationship between CH3Br emissions and soil or air temperature 
across the entire measurement period. In contrast, analysis of data for the same site for a 
shorter time period (February 2005 until February 2006), showed a modest correlation 
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between soil and air temperature and net CH3Br emissions (Drewer et al., 2006). 
However, with ? values of 0.35 and 0.36 these correlations were not very strong and 
disappeared completely in the analysis of the dataset for the entire measurement period. 
Hence the influence of temperature alone on emissions in this work appeared to be only 
modest, which agrees with the finding by Manley et al. (2006), who also reported no or 
only very weak correlations between salt marsh chamber temperature and methyl halide 
emissions in California. Possibly the air and soil temperatures in combination with other 
environmental factors might have a stronger influence on CH 3Br emissions. 
However, temperature variation during the day could not account for the variation in 
emissions. These observations contrast with those of Rhew et al. (2002) who reported 
emission rates being strongly correlated to diurnal air temperature rather than PAR 
(Photosynthetic Available Radiation) which was also measured. Dimmer et al. (2001) 
similarly reported strong diurnal cycles of methyl halide emissions, but only little 
variation in temperature (3-4 °C), suggesting a stronger association with light than with 
temperature. 
3.6.2 Correlation with the solar flux 
Since the chambers showed a distinct diurnal cycle in CH 3 Br emissions, but only a weak 
association with either soil or air temperature, other possible environmental explanatory 
parameters were considered. As noted in Section 3.3, CH 3Br emissions were generally 
higher on clear-sky days than on overcast or precipitating days. A strong diurnal cycle in 
emissions was also observed (Section 3.5). Therefore the correlation between emissions 
and the solar flux was investigated. The solar intensity S, on the days the diurnal 
measurements were carried out, was calculated as a function of the solar zenith angle, x 
(Equation 3-1). 
Equation 3-1 	S = S cost 
where S0 is the expected solar intensity at the surface when the sun is directly overhead. 
The amount of solar energy striking the top of the atmosphere is 1366 W m 2 . 
Approximately 70% of this energy reaches the surface, so a value of 1000 W m -2 was 
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used here for S0. This will be the maximum for clear sky conditions and the value will 
vary greatly due to the effect of factors such as cloud cover, aerosols and/or pollution. 
The solar zenith angle x varies with time of day, latitude and day of year. The day of the 
year can be parameterised using the solar declination angle which represents the tilt of 
the Earth's axis. Thus the declination angle corresponds to the latitude at which the sun 
is directly overhead at midday. This declination is +23.5° at the summer solstice, -23.5° 
at the winter solstice and 00  at the equinoxes. The algorithm for cos(y) is (Equation 3-2): 
Equation 3-2 cos() = cos(LMA) cos(LA T) . cos(DEC) + sin(LA T) sin(DEC) 
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where LA T is latitude in radians, in this case LA T =
180 
 r = 0.977 
(2'r.(JD-173) 
DEC is declination in radians DEC = 23.5° cos I 
365 
JD is the Julian Day number for the day under consideration 
LMA is a measure of the time during the day in radians LMA = l + 
T ) .7r  
12 
T is time in hours during the day (midnight is T = 0) 
The above algorithm assumes that the solar maximum is exactly at 12 noon; since the 
location of the salt marsh investigated is close to the Greenwich meridian. Therefore 
LMA needs to be adjusted to British summer time when required. Furthermore the solar 
intensity, S, calculated from the above equation, only gives a measure of total incident 
solar energy; the relative intensities at different wavelengths will also vary slightly as a 
function of the zenith angle. 
The solar flux was only calculated for the diurnal measurement days because they were 
clear-sky days. It would not be appropriate for the seasonal measurement days because a 
number of those were overcast or cloudy. Figure 3-38 shows the calculated solar flux for 
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Figure 3-38: Calculated solar flux in W m 2 for the summer (10th July 2005), spring (3rd May 2006) 
and winter (6th December 2005), days of diurnal CH 3Br flux measurements. 
The calculated solar fluxes were then plotted with the diurnal net CH 3Br emissions 
measured for those days in winter, spring and summer, Figure 3-39 to Figure 3-41, 
respectively. The diurnal variations in emissions from the high-emitting chambers 
matched closely the shape of the corresponding calculated theoretical maximum (clear-
skies) total solar flux for this latitude, Julian Day and time of sampling. This suggested a 
strong influence of light on CH 3Br emissions rather than other environmental factors 
such as temperature. 
Figure 3-39: Diurnal variation in CHBr emissions from four chambers in winter (6th December 
2005). The yellow line is the calculated theoretical clear-skies total solar flux for sampling location, 
day and time. 
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Figure 3-40: Diurnal variation in CH 3Br emissions from four chambers in spring (3rd May 2006). 
The yellow line is the calculated theoretical clear-skies total solar flux for sampling location, day 
and time. 
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Figure 3-41: Diurnal variation in CH 3Br emissions from four chambers in summer (10th July 2005). 
The yellow line is the calculated theoretical clear-skies total solar flux for sampling location, day 
and time. 
To further investigate this relationship, net CH 3 Br emissions (in daylight) for each 
chamber UI, U2, L5 and L6 were plotted against solar flux for the diurnal measurements 
in winter, spring and summer (Figure 3-42 to Figure 3-45, respectively). Note, that the 
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Figure 3-42: Scatter plot of solar flux and net CHBr emissions for chamber UI for the three 
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Figure 3-43: Scatter plot of solar flux and net CH 3Br emissions for chamber U2 for the three 
diurnal measurement days in winter, spring and summer. 
300 
10 L5 vAnter I 
IoL5spring 
250 	oL5 summer  0 
0 





100 	 0 
50 
0! 
0 	100 	200 300 	400 	500 	600 	700 	800 	900 
solar flux (W m 2) 
Figure 3-44: Scatter plot of solar flux and net CH 3Br emissions for chamber L5 for the three diurnal 
measurement days in winter, spring and summer. 
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Figure 3-45: Scatter plot of solar flux and net CH 3Br emissions for chamber L6 for the three diurnal 
measurement days in winter, spring and summer. 
Solar flux and net CH 313r emissions appeared to be directly proportional, with a stronger 
relationship for the higher emitting chambers U  and L6 than for the lower emitting 
chambers U2 and L5. Linear correlations with r 2 ? 0.9 were determined for chamber U  
and L6 in summer and U2 and L5 in winter. Slightly weaker linear correlations with r 2 
values from 0.5 to 0.8 were seen for chamber Ui in spring and L6 in spring and winter 
and with r2 values from 0.3 to 0.4 for U  in winter and U2 and L5 in spring. Only U2 
and L5 in summer did not show clear linear relationships. Therefore it can be concluded 
that the relationship between solar flux and net CH 3Br emissions was quite strong in all 
seasons, especially for the higher-emitting chambers. 
3.6.3 Correlation with methane (CH 4) emissions 
Methane emissions from the salt marsh chambers were measured from May 2005 until 
June 2006 from the same air samples taken for CH 3 Br analysis to investigate whether 
there was any relationship between net CH 4 and net CH 3 Br emissions of the chambers 
and similar underlying production processes. 
Figure 3-46 shows the net CH 4 emissions of the chambers from May 2005 until June 
2006 and Figure 3-47 shows the net CH 3Br emissions over the same period of time. 
There appeared to be no similarities in the pattern of emissions of CH 4 and CH3 13r. Net 
CH4 emissions were similar for all chambers apart from a few "outbreaks" while the 
trends of the net CH313r emissions of the chambers were quite different. 
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Figure 3-46: Net Cl 4 emissions (rig m 2 h') from the chambers at the salt marsh site from May 2005 
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Figure 347: Net CHBr emissions (ng m 2 h) from the chambers at the salt marsh site from May 
2005 until June 2006. 
Specifically the two chambers that showed persistently higher CH3Br emissions 
compared to the other chambers (UI and L6) did not have substantially different CH 4 
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emissions to the other chambers. In general CH4 emissions fluctuated between negative 
and positive net emissions. Table 3-6 shows a summary of mean, median, minimum and 
maximum CR4 net emissions for all 10 chambers (chambers A9 and Al 0 between April 
and June 2006 only) separately and as a single dataset. Mean overall net emissions were 
22 p.g m 2 h', with a range from -264 p.g m 2 h' to 454 p.g m 2 h'. 
Smith et al. (2000) measured net CH4 oxidation rates of -68 to +11 p.g m 2 h' at UK 
grassland sites (changing their sign convention to the one used here). In general, mean 
and median net CH4 emissions from individual chambers in this work were higher than 
the upper limit of 11 p.g m 2 h' reported by Smith et al. (2000) which is probably due to 
the high moisture content of the salt marsh in contrast to the well-drained soils 
investigated by Smith et al. (2000). 
Positive net CI-L1 emissions occurred in general on wet days with quite waterlogged soil 
and therefore likely to involve anaerobic conditions, while net uptake occurred on dry 
days with drier and better aerated soil. This pattern agrees with the finding of Smith et 
al. (2000) who reported for field measurement studies that only soils with a high water 
table were sources of CH4, although their study did not include any salt marsh 
ecosystems. On drier days the salt marsh probably acts more like other temperate 
grasslands showing CR4 uptake. 
Table 3-6: Summary of mean, median, minimum and maximum CH 4 net emissions from mid May 
2005 to early June 2006 of each chamber, including A9 and AlO, individually and as a single 
dataset. 
CH, ('pg rn' 2 h') 
chambers 	ui 	U2 	U3 	U4 	L5 	L6 	L7 	L8 	A9 AlO all - 
mean 9 3 23 35 15 29 33 25 41 13 22 
median -7 3 4 15 14 23 22 20 26 -7 12 
min -264 -241 -90 -221 -233 -212 -243 -188 -16 -17 -264 
max 326 244 290 454 316 290 310 298 129 62 454 
n (number of 31 31 31 31 31 31 31 31 5 5 258 
measurements) 
Net CH3Br and net CR4 emissions were plotted against each other (Figure 3-48) to 
examine whether there was any direct relationship between them. No clear correlation 
could be identified between net CH 4 and net CH3Br emissions for a single chamber or as 
91 
Chapter 3 
a single dataset, except that no high net CH313r emissions occurred when high net CH 4 
emissions occurred, i.e. during wet conditions. However, it can not be identified whether 
this was a direct relationship or one that was co-correlated with the solar flux, as high 
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Figure 3-48: Correlation of CH 4 emissions (tg m 2 h) and CH 3Br emissions (ng m 2 h') from the 
eight main salt marsh chambers from May 2005 until June 2006. 
3.6.4 Correlation with water table depth 
The water table depth in dip-wells between chamber pairs U1&U2, U3&U4, L5&L6 and 
L7&L8 was measured on each sampling occasion. Water table depths in cm below the 
ground surface are shown in Figure 3-49. The water table between chambers UI &U2 
was very stable, with depths around -20 cm for most of the time. The water table 
between chambers U3&U4 fluctuated more, ranging from -2 to more than -22 cm. The 
water table between chambers L5&L6 was also extremely variable, from saturated to 
dry. The water table between chambers L7&L8 appeared to be the one closest to the 
surface in general which agreed with the higher water content in the soil at that area 
(Figure 3-7). The difference in water table depths between the upper and lower area of 
the salt marsh was quite clear, with the water table occurring closer to the surface in the 
lower area as expected as it possibly receives more frequent inundation. A summary of 
mean, median, maximum and minimum water tables of each dip-well between chambers 
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Figure 3-49: Time series of the water table depth in the dip-wells in between the chamber pairs from 
June 2005 until August 2006. The orange and blue dashed lines show the depths of the wells between 
chamber pairs U3&U4 and L5&L6, respectively. Data points on these lines indicate water tables 
below dip well depth. 
Table 3-7: Summary of mean, median, minimum and maximum water table depth from dip-wells 




chambers U1&U2 U3&U4 L5&L6 L7&L8 
mean -19 -18 -15 -9 
median 20 -21 -20 -9 
mm -23 -23 -21 -23 
max -1.5 -1.5 0 0 
a (number of 
measurements) 36 36 36 36 
To see if water table depths had any direct influence on CH 3 13r emissions, the measured 
values were plotted versus the net CH313r emissions for all measurement occasions. For 
values below the depths of the wells the depth of the bottom of the wells (-21 cm for 
L5&L6 and -23 cm for U3&U4) was used. No direct relationship could be identified 
between water table depth and net CH313r emissions. However, there appeared to be a 
tendency for higher net CH313r emissions to occur with lower water-table depths and 
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Figure 3-50: Correlation of water table depth measured in the dip-wells between chamber pairs and 
CH 3Br emissions (ng m 2 h') from the eight main salt marsh chambers, June 2005 until August 
2006. 
3.7 Conclusions 
All chambers at the salt marsh site showed positive net CH 3 Br fluxes (i.e. emissions) 
throughout the measurement period; zero net emissions were determined only in the 
winter at the beginning of the measurement period. Two chambers, one each in the 
upper and lower areas of the salt marsh, showed persistently significantly higher CH 3 13r 
emissions than the rest of the chambers. 
Overall, it appears that processes associated with vegetation were the dominant source of 
CH3Br emissions from this salt marsh, as noted previously for Brassica (Gan et al., 
1998), salt marsh (Rhew et al., 2002, Manley et al., 2006) and rice plants (Redeker et al., 
2003) and, recently, for tropical ferns (Saito and Yokouchi, 2006). Although seasonal 
variation in emission followed the trend of seasonal variation in temperature this was 
presumably due to plant-related processes as there was only a modest to no correlation 
between day-to-day emission and air or soil temperature. In contrast, diurnal variations 
of emissions were strongly associated with the solar cycle with highest emissions in the 
middle of the day and lowest emissions during the dark. Also, observed peaks in CH3Br 
emissions always occurred under sunny conditions. Hence the diurnal and day-to-day 
variation in sunshine appeared to have more direct influence on high emissions than 
temperature, at least at this relatively high latitude site, since there was a very clear 
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relationship between net CH3Br emissions and the solar flux. Elevated CH3Br emissions 
from a salt marsh during the growing season (March to September) were similarly 
reported by Rhew et al. (2000). 
Salt marsh CH 3Br emissions were also highly spatially variable, with a small proportion 
of "hot spots" accounting for the bulk of the spatially-integrated net emissions. There 
was no obvious explanation for the spatial heterogeneity of CH 3Br emissions on account 
of plant species or measured soil properties, apart from a slight association of greater 
average emission with greater soil bromide content. The two chambers that emitted 
significantly more than the others actually had a lower soil bromide content than other 
chambers in the same salt marsh area. Even though the amount of Br - in the soil was 
orders of magnitudes higher than the amount of Br - emitted as CH3Br over two weeks 
(in between inundation), the soil Br concentration appears to be an important control 
over net CH 3 Br emissions. Possibly only a fraction of the soil Bf pool is available for 
processes leading to CH 3 Br release. Two chambers installed later, and therefore sampled 
less often, in an area less frequently inundated with lower soil bromide content, showed 
distinctively lower CH 3Br emissions than the other chambers. 
CH3Br emissions estimates from salt marshes were shown to be strongly dependent on 
the location, season and time of day of measurement. Indeed, the results reported here 
show that emissions from a few "hot spots" are likely to contribute the majority of 
integrated area emissions, leading to obvious difficulties in global scale up which is 
discussed in Chapter 6. Whilst temporal variability of emissions can be parameterised in 
terms of temperature and sunlight, spatial variation can only be accounted for by direct 
measurement. This study presents more than a full annual cycle of measurements which 
provides the best estimate of annual emissions without recourse to weighting as 
compared with short-period measurements. This contrasts with previous global estimates 
which are based on only sparse summer measurements which are either assumed to 
represent emissions throughout the year or are arbitrary scaled on the assumption that 




4 CHBr fluxes from temperate woodland ecosystems 
4.1 Introduction 
The global area of temperate woodlands is quite large: 12.9 x 1012  m2 (Matthews, 1983). 
Therefore any significant CH313r emissions from this type of ecosystem would 
contribute notably to the global CH 3Br budget. However, the number of studies 
investigating CH 3Br fluxes in temperate woodlands is still sparse. 
To date, the majority of these studies predict a net uptake of CH 3Br in woodland 
ecosystems, with the estimate by Varner et al. (2003) of 2.2 ± 0.9 Gg CH313r global 
annual net uptake being an order of magnitude less than uptake estimates by Shorter et 
al. (1995) and Serça et at. (1998). Varner et al. (2003) estimated production in the forest 
soil as the difference between the net flux measured in field enclosures and the potential 
consumption modelled from laboratory soil incubations. Therefore they concluded that 
net flux in woodlands appears to be a combination of consumption and production 
processes occurring at the same time. The Varner et al. (2003) individual enclosure flux 
measurements ranged from -4.0 to 3.3 jig m 2 d, corresponding to -167 to 138 ng 
m 2 h'. 
Dimmer et al. (2001), on the other hand, report positive mean annual CH 3 13r fluxes from 
two conifer forests on peatlands in Ireland of 28 (3 - 63) and 6 (3 - 9) x 10 g m 2 Y- I 
corresponding to 320 (34 - 720) and 68 (34 - 103) ng m 2 h' (based on 8 and 6 
measurements, respectively, with the range in parentheses). 
Furthermore, Lee-Taylor and Holland (2000) introduced litter decomposition as a 
potential natural source of CH 3Br. The uncertainties in their estimates were large and 
varied greatly in response to assumptions made in scenario calculations. However, their 
best estimate of the potential global annual flux from woody litter was 1.7 (0.5 - 5.2) 
Gg y' CH3 Br production. Since this estimate was the result of scenario calculations they 
recommended that this estimate should be verified by field measurements in order to 
prove whether a net emission does exist, and if so, its magnitude. 
Redeker et al. (2004b) suggested that ectomycorrhizal fungi, which are common in 
woodlands, might be an important source of methyl halides to the atmosphere. However, 
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most of the studies conducted on white rot fungi (e.g. Harper, 1998; 2000) have only 
investigated emissions of CH3CI and not CH 3 Br. They found, however, that CH3CI 
production by fungi appears to fulfil a methyl donor role within the fungal metabolism. 
Redeker et al. (2004b) conducted their study on fungal cultures in the laboratory and 
therefore it might not be entirely representative of natural systems. Furthermore, Moore 
et al. (2005) conducted chamber measurements also of CH 3C1 only, in a natural tropical 
forest. They found evidence for emission from rotting wood but uptake by forest soil 
even in areas with rotting wood present. 
In this project long-term measurements of CH 3Br net flux from four field enclosure 
chambers installed at a temperate woodland site in Scotland were made every one to two 
weeks from March 2005 until August 2006, which provided a larger dataset than 
previous studies. In addition, diurnal measurements were conducted in summer and 
winter. The long-term net fluxes from these four chambers were correlated with 
environmental factors such as air and soil temperature and methane net flux, which may 
help understanding of underlying processes. Furthermore, enclosures of rotting wood, 
deciduous leaf litter and conifer needle litter were carried out in the laboratory and 
unheated greenhouse in order to determine net fluxes of CH 3Br and identify potential 
factors controlling net fluxes from these substrates. 
Air samples from enclosures in other woodland ecosystems, namely an ancient birch 
woodland in the Scottish Highlands (Loch Katrine) and a tropical mangrove site in 
Kenya, were also analysed for CH3Br and CH4, in order to put measured CH313r net 
fluxes into perspective and increase the range of woodland ecosystems examined. The 
global implications of the net fluxes described in this chapter are discussed in Chapter 6. 
4.2 Description of the woodland site (Hermitage of Braid, Edinburgh) 
4.2.1 Management and vegetation 
The Hermitage of Braid lies in the valley of the Braid Burn river in southern Edinburgh. 
It is a local nature reserve of 53 ha and has been managed by a ranger service since 
1993. The Hermitage is designated as ancient woodland, meaning that woodland has 
covered the area for at least 300 years. Established mixed deciduous woodland with 
shrub, open grassland and the Braid Burn comprise the nature reserve. Much of the 
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woodland is now semi-natural, with beech (Fagus sylvatica), ash (Fraxinus excelsior) 
and sycamore (Acer pseudoplatanus) regenerating freely. Most of the large, mature trees 
scattered throughout the reserve probably date from the early 19th century. Many exceed 
40 m in height, especially those growing in the valley floor. 
Four collars for enclosure chambers were set up permanently on the woodland floor of 
the Hermitage of Braid. Figure 4-1 shows the locations of the two chamber pairs in the 
Hermitage. Collars II and 12 were situated in ivy (Hedera)-covered ground beneath trees 
(Figure 4-2) at the top of a slope, and collars B3 and B4 were situated in a beech 
dominated area with a general ground cover of leaf litter (Figure 4-3). Occasionally 
small plants such as willow-herb (Epilobium spec.) or bramble (Rubus fruticosus) grew 
inside the collars for a limited period of time. The distance between "replicate" collars 
was about 3 m. 
Figure 4-1: Chamber collars 11&12 and B3&B4 at the Hermitage of Braid. Grid spacing is at 1 km. 
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Figure 4-2: Collars 11(a) and 12 (b) situated on mainly ivy-covered ground in the Hermitage of 
Braid. The permanently installed collar of chamber Ii is shown and collar 12 is shown during an 
enclosure fitted with a lid and three-way-tap (20.07.05). 
a) 	 b) 
Figure 4-3: a) The beech dominated area of the Hermitage of Braid, b) the collar of enclosure 
chamber B3 (20.07.05) 
4.2.2 Soil properties 
Soil properties were determined on samples taken close to the collars of the enclosure 
chambers at the start of the measurement period in order to investigate whether there 
were any differences between the two areas at which the chamber pairs were located. An 
auger was used to collect soil samples from outside each of the collars on 29th March 
2005 for determination of pH, bromide (Bf), chloride (C1), sulphate (S0 42 ), particle 
size, elemental carbon (C) and nitrogen (N); density, and porosity were determined on 
soil taken in cylinders. Mixed bulk samples were made up and sieved to 2 mm (for 
analysis details see Chapter 2). On 26th April 2005 seven samples were taken around 
each pair of collars and mixed into bulk samples separately for two depths (0— 10 cm 
and 10-20 cm) for microbial biomass-C and organic matter determination. These two 
depths corresponded approximately to the A and B horizons of the woodland soil. 
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Particle size analysis showed that the soil under all four chambers had a sandy loam 
texture. Dry bulk density and fresh density of the soil around the four chamber collars 
are shown in Figure 4-4. The dry bulk density varied between 0.65 g cm-3 (chamber 12) 
and 0.87 g cm -3 (chamber B3), the fresh density varied between 0.96 g CM-3 and 1.2 
g cm-3 with chamber 12 showing the lowest density and chamber B3 showing the 
highest. There was no apparent difference in soil density between the locations of 
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Figure 4-4: Soil dry bulk density and fresh density at each of the four chambers at the woodland 
site. 
The soil pH was determined ina suspension of the fresh soil in de-ionised water with a 
mass ratio of 1:2.5. The soil pH ranged between 4.7 (chamber 134) and 6.1 (chamber 12) 
with a mean of 5.5. These acidic values are expected for soil in woodlands (Figure 4-5) 
but slightly higher than pH 4 - 4.4 reported by Keith et al. (2006) for birch woodland at 
two locations in the Scottish uplands. As with soil density, there was no apparent 
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Figure 4-5: Soil pH at each of the four chambers at the woodland site determined in suspension of 
the fresh soil in de-ionised water with a mass ratio of 1:2.5. 
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The water content of the soil was expressed in different ways. Figure 4-6 shows the 
water content expressed in percent of the mass ratio of water to dry soil (gravimetric 
(dry)), the mass ratio of water to fresh soil (gravimetric (fresh)), and as the volumetric 
water content, (ratio of the volume of water to the volume of fresh soil), respectively. 
The gravimetric (dry) water content varied between 27% (chamber 134) and 44% 
(chamber B3) while the gravimetric (fresh) water content ranged between 20% (chamber 
B4) and 29% (chamber B3). The volumetric water content varied only slightly between 
the chambers, from 29% (chamber 134) to 34% (chamber II). However these results are 
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Figure 4-6: Soil water content at each of the four chambers at the woodland site expressed in 
percentages as gravimetric, mass of water in relation to mass of dry soil (gravimetric (dry)) or mass 
of fresh soil (gravimetric (fresh)), error bars are ±1 sd of 2 replicates; and expressed as volumetric 
water content (ratio of mass of water to soil volume). 
The porosity of the soil samples is shown in Figure 4-7. Soil from chamber B3 showed 
the lowest porosity (67%) and chamber 12 the highest (75%). There was no systematic 
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Figure 4-7: Soil porosity (%) of the soil at each of the four chambers at the woodland site. 
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Figure 4-8 shows the volumetric composition in percent of dry soil, water and air in each 
of the soil samples. The proportions of each were almost equal (1/3 each), especially for 
chambers Il and B3. Chambers 12 and B4 showed a slightly higher proportion of air 
filled pores compared to the soil particles and water filled space. From further 
observations in the field it was concluded that the woodland soil was well aerated even 
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Figure 4-8: Volumetric composition of soil particles, water and air in the soil at each of the four 
chambers at the woodland site. 
Figure 4-9 shows the percentage composition by mass of the water content, organic 
matter (OM) and solid soil particles excluding OM. The solid soil particles (mass after 
ignition at 500 °C) made up the largest proportion by mass for all four samples. The 
mass of OM ranged from 0.4 g (chamber B4) to 0.75 g (chamber Ii) and made up 
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Figure 4-9: Proportional composition by mass of ignited soil, OM and water of the soil at each of the 
four chambers at the woodland site. 
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The OM after loss on ignition reported by Keith et al. (2006) for two locations of birch 
woodland in the Scottish uplands was higher than measured here with 15 - 18 % in one 
and 33 —40 % in the other. 
The OM content expressed as loss after ignition at 500 °C in g 100 g' oven-dry soil for 
mixed bulk samples from two different depths (0 - 10 cm and 10 - 20 cm) from around 
chambers Ii &12 and B3 &B4, respectively, is shown in Figure 4-10. The OM content of 
the top 10 cm was always higher than the OM content of the 10 - 20 cm depth. The soil 
of chambers I1&12 comprised 11 g OM 100 g' oven-dry soil in the top layer and 9 g 
100 g' oven-dry soil in the bottom layer compared to the soil of chambers B3 &B4 
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Figure 4-10: Soil organic matter expressed as loss on ignition at each of the two chamber pairs at the 
woodland site in two depths (0 - 10 cm and 10 - 20 cm). Error bars are ±1 sd of 3 replicates. 
The soil microbial biomass-C was determined by the Fumigation-Extraction Technique 
(Chapter 2, Section 2.5.7) in two mixed bulk samples from each of two depths from 
around chambers I1&12 and B3&B4. The biomass-C expressed as mg C 100 g' oven-
dry soil for the two samples and two depths is shown in Figure 4-11. 
The biomass-C in both samples was higher in the top 10 cm than in the 10 - 20 cm soil 
layer: 87 and 49 mg C 100 g' oven-dry soil for the two soil depths from the first 
chamber pair and 74 and 18 mg C 100 g oven-dry soil for the two depths of the second 
chamber pair, respectively. In summary the amount of biomass-C was higher in the soil 
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Figure 4-11: Soil microbial biomass-C at each of the two chamber pairs at the woodland site in two 
depths (0 - 10 cm and 10-20 cm). Error bars are ±1 sd of 3 replicates. 
The amount of elemental C and N in percent in each sample is shown in Figure 4-12. 
Nitrogen made up proportions from 0.18% (chamber B4) to 0.5% (chamber Ii) in each 
sample compared to the amount of C ranging from 3.3% (chamber B4) to 7% (chambers 
II and B3, respectively). The amounts and proportions varied between all four 
chambers. No explicit differences between the two chamber pair locations could be 
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Figure 4-12: Elemental carbon (C) and nitrogen (N) in percent of soil dry mass in each sample. 
Error bars are ±1 sd of 2 replicates. 
Figure 4-13 shows the mass ratio of elemental C to N for soil samples taken around each 
woodland chamber. The C/N ratio of chambers B3 and B4 (average of 17.5) was higher 
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Figure 4-13: Elemental C/N ratio of the soil at each of the four chambers at the woodland site. Error 
bars are 11 sd of 2 replicates. 
Figure 4-14 shows the concentrations of water-extractable Bf, CL and S0 42 in the soil 
around each of the four woodland chambers. There was no detectable Br - in the 
woodland soil (detection limit 0.1 jig g - 1 ). The amount of Cl - was slightly lower in 
chambers Ii and 12 (19 and 20 jig g' oven-dry soil, respectively) compared to chambers 
B3 and B4 (25 and 20 jig g oven-dry soil, respectively). The amount of S0 42 was 
lowest in chamber Ii with 10 p.g g oven-dry soil and highest in chamber B4 with 38 p.g 
9- 1 oven-dry soil. In general the sulphate content was slightly higher in chambers B3 and 
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Figure 4-14: Water-extractable anion concentration (Br, Cl - and SO4 
 2-)of the soil at each of the four 
chambers at the woodland site. Error bars are I sd of 2 replicates. Br concentration was below the 
detection limit of 0.1 ig g'. 
According to the soil analysis there were no large differences between the two areas of 
the Hermitage of Braid in which the two chamber pairs were located, apart from 
biomass-C being slightly higher for chambers Ii &12 than B3 &B4, and the C/N ratio and 
S042 content being slightly higher in 133&134 than I1&12. However the vegetation 
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associated with the different areas, mainly ivy for chambers 11 &12 and basically no 
vegetation, only leaf litter, for chambers B3&B4 was distinctively different. 
4.3 Seasonal monitoring of the enclosure chambers 
The four collars installed at the woodland site were regularly enclosed every one to two 
weeks from March 2005 until August 2006, resulting in 164 individual measurements 
from 44 sampling occasions, in order to investigate potential seasonal trends in CH3Br 
fluxes. Air and 10 cm soil temperatures were measured at each sampling occasion. The 
detailed sampling procedure is described in Chapter 2. The detection limit for 
quantification of net flux was determined to a mixing ratio of 4 pptv, corresponding to 
an enclosure net flux from the woodland chambers of 12 ng CH 3 Br m 2 h'. 
Figure 4-15 shows the CH313r net fluxes from the four enclosure chambers over the 
whole measurement period. Since the last three emission measurements of chamber Ii 
were exceptionally high, they have been removed in Figure 4-16 to give a better 
representation of the other measurements. However those three measurements were 
regarded as "real" and analytical error was debarred. It was striking that those high 
emissions occurred on three successive measurement occasions. It is not clear what 
triggered those high emissions. An additional analysis of the soil inside chamber I 1 for 
soil bromide concentration on 24th August 2006 again showed the concentration to be 
below the detection limit. The soil was also examined for visible fungal growth but 
nothing unusual could be found. There was, however, a small sapling of Sambucus nigra 
(elder) growing inside the chamber at this point. 
The net flux fluctuated between positive (emissions) and negative (uptake). Apart from 
chamber B4 all chambers showed some "excursions" of higher emissions at some times 
(Figure 4-15). For initial data analysis the three high values of chamber 11 were 
excluded and fluxes according to Figure 4-16 used. A summary of fluxes from each 
chamber separately and combined over the whole measurement period is shown in Table 
4-1, where columns including the exceptionally high values from chamber II are 
labelled "(+ high)", the remaining exclude those data. Mean measured net fluxes from 
single chambers were between 17 and 33 ng m 2 h'. The overall mean measured 
emission from all four chambers together was 27 ng m 2 h', excluding the three high 
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values for chamber Ii. Including those, mean net emissions of the chambers were 
between 17 and 120 ng m 2 h 1 with an overall mean of 49 ng m 2 h'. This shows how 
only a few measurements can strongly influence the overall mean net flux. 
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Figure 4-15: Long-term monitoring of CH 3Br fluxes from the four woodland chambers from March 

















Figure 4-16: Long-term monitoring of CH 3Br fluxes from the four woodland chambers from March 




Even with the very high values excluded, chambers Ii and B3 showed the highest mean 
emissions. The influence on the median emissions was smaller. Median net emission 
from all chambers was 8 ng m 2 h 1 excluding the three high values and 9 ng m 2 h' 
including them, but the corresponding medians of chamber Ii alone were I and 14 ng 
m 2 h', respectively. The median of the other chambers ranged between 5 and 18 ng m 2 
h'. Even though fluxes fluctuated between net uptake and net emissions the median and 
mean of net flux over the whole measurement time were positive emissions. 
Statistical analysis like the comparison of the means of all 4 chambers could not be done 
because the limitations of the degrees of freedom, i.e. using MANOVA there were too 
many time points compared to individuals measured. However, testing the different 
locations of the chamber pairs versus time resulted in no significant differences within 
the 95% confidence interval between the areas (ivy and beech covered ground) with p-
values of 0.179, 0.209 and 0.152. 
Table 4-1: Summary of mean, median, minimum and maximum CH 3Br net fluxes over the whole 
measurement period of each chamber separately and as a single dataset, (+high) indicating the last 3 
measurements from chamber Ii are included in the column. 
CH3Br (ng n' h') I chambers 
Ii Ii (+high) 12 B3 B4 all all (+ high) 
mean 33 120 25 33 17 27 49 
median 1 14 5 18 8 8 9 
mm -30 -30 -29 -73 -71 -73 -73 
max 279 1613 244 263 93 279 1613 
n (number of 39 42 42 39 41 161 164 measurements) 
The range of net fluxes was quite large for each chamber and varied between -30 and 
279 (1613) ng m -2 h-1 for chamber Ii, -29 and 244 ng M-2  h-1 for chamber 12, -73 and 263 
ng m 2 h for chamber B3 and -71 and 93 ng m 2 h' for chamber B4. The highest CH 3 13r 
uptake was seen for chambers B3 and B4 located in the beech-dominated part of the 
woodland and with a ground cover of leaf litter. 
The distinct positive net emissions of chamber B3 from July to September 2005, when 
all the other chambers had virtually zero net emissions or net uptake, were possibly due 
to a plant (willow-herb) growing inside the collar of chamber B3. The monitoring of 
chamber B3 stopped in mid-June 2006 after the enclosure chamber disappeared from its 
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location, presumed stolen. Chamber B4 showed the lowest mean emission, possibly 
because unlike the other chambers it did not experience "excursions" in higher 
emissions which seemed to dominate the overall net emissions. The very high 
"excursions" at the end of the measurement period from chamber II may just represent 
occasions of higher CH 3 Br production. Since the source could not be identified at this 
stage, outbreaks like this can only be accounted for by direct measurements. Therefore 
more frequent sampling would give a better representation of net fluxes. 
Out of 164 measurements in total, 61(37%) showed net uptake, 17 each for chambers II 
and 12, 11 for chamber B3 and 16 for chamber B4. However, overall the positive 
emissions were dominant. There were no significant differences in mean fluxes between 
the two chamber pairs (I1&12 and B3 &B4). A summary of data for net CH 3Br emissions 
from one calendar year (beginning of March 2005 to end of February 2006) is shown in 
Table 4-2. 
Table 4-2: Summary of mean, median, minimum and maximum CH 3Br net fluxes of one calendar 
year (Mar 2005 - Feb 2006) of each chamber separately and as a single dataset. 
CH3Br (ng m 2 h') chambers - 
II 12 B3 B4 all 
mean 17 22 45 12 24 
median -5 1 19 0 
mm -30 -29 -32 -23 -32 
max 180 244 263 93 263 
n (number of 29 29 30 28 116 
measurements)  
The net fluxes ranged between -30 and 180 ng m 2 h for chamber II with a mean of 
17 ng m2 hl;  -29 to 244 ng m 2 h' for chamber 12, with a mean of 22 ng m 2 h; -32 to 
263 ng m 2 h' for chamber B3, with a mean of 45 ng m 2 h'; and -23 to 93 ng m 2 h' for 
chamber B4, with a mean of 24 ng m 2 W. Still the positive net emissions seemed to 
prevail resulting in positive mean net emissions for all four chambers. Summaries of all 
the data divided into winter and summer seasons are shown below. The first summer 
was defined as being from mid-March 2005 until end of August 2005 (Table 4-3), the 
winter season from September 2005 until mid-March 2006 (Table 4-4), and the second 
summer from mid-March 2006 until end of August 2006 (Table 4-5). 
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Table 4-3: Summary of mean, median, minimum and maximum CH 3Br net fluxes for summer 2005 
of each chamber separately and as a single dataset. 
CH3Br (ng m 2 h') chambers 
II 12 B3 B4 all 
mean 22 18 42 16 25 
median 1 3 38 10 10 
mm -30 -29 -32 -11 -32 
max 118 103 158 93 158 
n (number of 17 17 18 16 68 
measurements) 
Table 4-4: Summary of mean, median, minimum and maximum CH 3Br net fluxes for winter 2005- 
2006 of each chamber separately and as a single dataset. 
CH3Br (ng m 2 h') chambers 
Ii 12 B3 B4 all 
mean 32 27 39 0 24 
median -5 -1 8 -1 0 
mm -22 -25 -73 -71 -73 
max 279 244 263 83 279 
n (number of 13 13 13 13 52 
measurements) 
Table 4-5: Summary of mean, median, minimum and maximum CH3Br net fluxes for summer 2006 
of each chamber separately and as a single dataset, excluding the high values from chamber Ii. 
CH3Br (ng m 2 h') chambers 
Ii 12 B3 B4 all 
mean 57 32 4 37 34 
median 70 21 11 34 33 
min 4 -15 -50 -33 -50 
max 88 94 46 91 94 
n (number of 
9 12 8 12 41 
measurements) 
There was no apparent seasonal pattern in overall mean fluxes which were quite similar 
in winter and summer (24 ng m 2 h' in winter and 25 and 34 ng m 2 h' in the summers 
of 2005 and 2006, respectively). However, the median emissions, which equalled zero in 
the winter, were distinctively different from the values in the summer, which were 10 
and 33 ng m 2 h' in 2005 and 2006, respectively. 
Re-calculating the mean values by replacing all fluxes smaller than the detection limit 
for quantifying a net flux (±12 ng m 2 h') with "0" resulted in no or only marginal 
differences in net flux up to ±2 ng m 2 h' from the values shown in Table 4-1 to Table 
4-5. Mean fluxes were still positive and therefore indicated net emissions. 
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In conclusion, there appeared to be no clear seasonal cycle in net CH3Br fluxes. The soil 
and air temperatures over the whole measurement campaign are shown in Figure 4-17 
and Figure 4-18, respectively. The soil and air temperatures showed a clear seasonal 
pattern, as expected, with colder temperatures in the winter and warmer temperatures in 
the summer, but unlike the pattern at the salt marsh (Chapter 3) this was not reflected in 
the net CH3I3r fluxes from the woodland. There was no apparent link between 
temperatures and CH 3Br fluxes and there appeared to be no difference in net CH313r 
fluxes from different woodland floor types. Later in this Chapter, in Section 4.5.1, a 
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Figure 4-17: Soil temperature by each chamber pair measured on each sampling occasion from 
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Figure 4-18: Air temperature by each chamber pair measured on each sampling occasion from 
March 2005 to August 2006. 
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4.4 Diurnal CH3Br fluxes 
In addition to the routine sampling every one to two weeks, the four woodland chambers 
were sampled every few hours throughout one entire day in summer and again in winter 
in order to investigate whether CH3Br fluxes exhibited any diurnal pattern. 
Diurnal measurements were carried out in the summer on 20th July 2005. Sunrise was at 
4:56 and sunset at 21:41. It was a dry day with sunny intervals and moderate wind. 
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Figure 4-19: Diurnal CH 3Br net fluxes from the woodland chambers in the summer (20th July 2005) 
at the woodland site. The lines show the detection limit of the net flux quantification. Arrows mark 
sunrise and sunset. 
Chamber B3 showed a positive net CH3Br flux over the whole diurnal cycle. Emissions 
increased from about 80 ng m 2 h to about 100 ng m 2 h at mid-day and then declined 
again. Emissions did not cease at night time and still showed a positive flux of about 
60 ng m 2 h. As mentioned above in Section 4.3, at this time of the year a plant 
(willow-herb) was growing inside chamber B3 which could possibly have been 
responsible for the positive net CH3Br emissions. During summer 2005 chamber B3 
showed positive fluxes in the seasonal monitoring as shown in Figure 4-16 whereas 
fluxes from chambers Ii, 12 and B4 were usually zero or negative. The diurnal 
measurements on 20th July were therefore consistent with the seasonal monitoring. Net  
fluxes from chambers 12 and B4 were negative during the whole diurnal cycle and did 
not vary much. At the start and end of the day they were below the detection limit of net 
flux quantification. Net uptake was slightly higher around mid-day (-20 ng m 2 h' net 
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emissions), so it might possibly show a negative diurnal cycle. Net  fluxes from chamber 
Ii were zero early in the morning and dropped to about -20 ng m 2 h around mid-day, 
then showed a positive flux of about 30 ng m 2 h in the afternoon which subsequently 
declined to zero later in the afternoon and at night. 
The soil and air temperatures at each enclosure time were measured and are shown in 
Figure 4-20. The soil temperature increased from about 14 °C only slightly to about 
15 °C in the late afternoon, with the soil temperature of chambers Ii and 12 being 
slightly higher than the soil temperature of chambers B3 and B4. The air temperature 
varied more and ranged from about 14 °C in the morning to about 18 °C in the late 
afternoon, decreasing to about 14 °C again at night. 
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Figure 4-20: a) Soil temperature and b) air temperature of chamber pairs I1&12 and B3&B4 during 
enclosures on 20th July 2005. 
The diurnal CH3Br fluxes from the woodland chambers could perhaps be related to the 
variation in air temperature. With the air temperature being the highest in the late 
afternoon, chambers 12 and B4 showed their lowest net emissions or highest CH 3Br 
uptake while chamber Ii showed the highest positive net emission at that time. In 
contrast, peak positive net emissions from chamber B3 occurred around mid-day, before 
the maximum air temperature and then declined over the afternoon when the air 
temperature reached its maximum. 
Diurnal measurements were repeated in the winter on 17th January 2006. It was a dry 
day with sunny intervals and only light wind. Sunrise was at 8:32 and sunset at 16:15. 
Results are shown in Figure 4-21. 
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Apart from two measurements for chamber B4 all measured net fluxes were zero or 
negative. All chambers showed negative net fluxes between -5 and -15 ng m 2 h' early 
in the morning (about sunrise). The net fluxes of chamber B4 were zero later in the 
morning, then increased slightly to a positive net flux and subsequently dropped to zero 
again in the late afternoon and negative (-20 ng m 2 h) at night. Net fluxes from the 
other three chambers decreased in the late morning to between -25 and -30 ng m 2 h' 
then increased until the early afternoon, up to zero for chamber B3, and subsequently 
fluxes decreased again showing net uptake at night ranging from -3 to -33 ng m 2 h. 
Most of the measured fluxes were within the limit of detection for quantifying a net flux 
as indicated on Figure 4-21. However there still appeared to be a trend of the diurnal 
cycle peaking (highest net emissions or lowest net uptake) around the early afternoon. 
In the seasonal monitoring at this time of the year (Figure 4-16) zero or slightly negative 
fluxes were measured for chambers 11, B3 and B4, while chamber 12 usually showed 
positive fluxes. However, in the diurnal measurements negative net fluxes occurred from 
chamber 12. No obvious reason for this contrast could be identified, apart from generally 
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Figure 4-21: Diurnal CH 3Br net fluxes from the four woodland chambers in the winter (17th 
January 2006). The lines show the detection limit of the net flux quantification. Arrows mark 
sunrise and sunset. 
For the winter diurnal cycle air samples were also analysed for CI41 to investigate 
whether similar processes controlled Cl-L 1 and CH3Br fluxes; the results are shown in 
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Figure 4-22. Apart from chamber Ii which showed CH4 net emissions of about 10 p.g 
M-2 h in the late morning, all measured net fluxes were negative and therefore showing 
net CH4 uptake. The CH4 net fluxes during the day appeared to behave opposite to the 
pattern of the CH3Br fluxes. A scatter plot in Figure 4-23 illustrates the tendency to 
higher net CH3Br emissions with higher net CH4 uptake. This might indicate a possible 
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Figure 4-23: Scatter plot between diurnal net CH 4 and CH3Br fluxes from the four woodland 
chambers in the winter (17th January 2006). 
The soil and air temperatures at enclosure times are shown in Figure 4-24. The soil 
temperature increased from about 5 °C to about 6 °C during the day with the soil 
temperatures of chambers B3 and B4 being about 0.5 °C warmer than chambers II and 
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12. The air temperatures varied more, from about 4 °C in the morning to 7 °C around 
mid-day, with the more sheltered chambers B3 and B4 being about 1 °C colder in the 
morning. No clear relationship between temperatures and emissions could be identified. 
Highest net CH 3 Br fluxes occurred around the early afternoon just after the midday peak 
in air temperature. 
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Figure 4-24: a) Soil temperature and b) air temperature of chamber pairs I1&12 and B3&B4 during 
enclosures on 17th January 2006. 
For comparison winter and summer diurnal CH 3Br fluxes were plotted together for each 
chamber (Figure 4-25). The diurnal pattern of fluxes from chamber Ii (Figure 4-25a) 
appeared to be similar in summer and winter with a peak around the early afternoon. 
However, net fluxes in winter were all negative while some measured fluxes in summer 
were zero and positive. 
CH3 Br fluxes from chamber 12 (Figure 4-25b) were negative in both the summer and 
winter diurnal measurement campaign. No clear diurnal pattern could be identified in 
either winter or summer but there was a tendency for a negative diurnal cycle on both 
occasions. In general fluxes were less negative at the start and end of the day than during 
the course of the day. 
Summer CH 3 Br net emissions from chamber B3 (Figure 4-25c) were exclusively 
positive while the winter net fluxes were zero or negative. The summer diurnal cycle 
peaked around mid-day while the winter diurnal cycle was less distinct, with net 
emissions being negative in the morning and zero from mid-day onwards. However 
there appeared to be a trend for a small diurnal cycle in winter, i.e. a tendency for lower 
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Winter and summer diurnal cycles of chamber B4 (Figure 4-25d) showed opposing 
patterns. While the winter and summer diurnal trends were generally similar for the 
other three chambers, chamber B4 was an exception. In the winter net CH3Br fluxes 
peaked in the early afternoon, with lower net emissions at the beginning and end of the 
day. In contrast, in summer all measured net CH313r fluxes were negative with lowest net 
fluxes occurring in the early afternoon and higher net fluxes before and after that. 
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Figure 4-25: Comparison of a winter and summer diurnal cycles of CH 313r net emissions from each 
woodland chamber separately: (a) chamber Ii, (b) chamber 12, (c) chamber B3 and (d) chamber B4. 
The dashed lines show the detection limit of the net flux quantification. Note different y-axis scales. 
In summary, winter and summer diurnal cycles in net CH3Br fluxes were similar for 
chambers Ii - B3 while they behaved differently for chamber B4. The results indicated 
however that, where diurnal patterns occurred, the peak (negative or positive) was 
measured at mid-day or soon after in the early afternoon, when the air temperatures were 
generally at a maximum. Chambers Ii and B3 and 12 and B4 showed similar winter and 
summer patterns; for II and B3 summer net fluxes were greater than the winter net 
fluxes, whilst for chambers 12 and B4 there was the opposite pattern, with greater winter 
net emissions than summer net emissions. The net CH3Br emissions from chambers 11 
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and B3 measured in the diurnal measurements were higher than for chambers [2 and B4 
which was in line with the seasonal monitoring results. There was also no apparent 
difference in diurnal cycles between different chamber pairs. 
An influence of light on the chambers, as suggested by the field monitoring results for 
the salt marsh site in Chapter 3, was unlikely here because the chambers were situated 
on the woodland floor and hardly received any direct sunlight because of shading by the 
trees. Despite a number of measurements being below the detection limit for 
quantification of net flux, there appeared to be some diurnal pattern in net CI-I 3 Br flux 
but not as strong as seen for the salt marsh (Chapter 3). 
4.5 Effect of environmental factors on CHBr emissions from 
woodland soils 
4.5.1 Correlation with temperature 
To investigate whether temperature was one of the factors controlling net CH 3 13r flux, as 
indicated previously in Section 4.4, the CH 313r fluxes from the seasonal chamber 
measurements including the three high values of chamber 11 were plotted against soil 
temperature and air temperature (Figure 4-26 and Figure 4-27, respectively). 
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Figure 4-26: Relationship between net CH 3Br fluxes and soil temperature on the days of 
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Figure 4-27: Relationship between net CH 3IBr fluxes and air temperature on each day of 
measurement for the four woodland chambers through the whole measurement period. 
Since these high values dominated and showed a strong relationship between higher 
temperatures and higher fluxes, there was concern that three points masked other 
relationships. Therefore the plots were redrawn without the high values (Figure 4-28 and 
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Figure 4-28: Relationship between net CHBr fluxes and soil temperature on each day of 
measurement for the four woodland chambers through the whole measurement period, excluding 
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Figure 4-29: Relationship between CH 3Br fluxes and air temperature on each day of measurement 
for the four woodland chambers through the whole measurement period, excluding the three last 
measurements for chamber Ii. 
No clear correlation could be identified. However higher CH3Br emissions of chambers 
Ii and 12 appeared to be associated with cooler soil and air temperatures between about 
3 and 7 °C while higher emissions of chamber B3 appeared to be associated with 
warmer soil and air temperatures between 10 and 18 °C. This could be due to less uptake 
in chamber Ii and 12 during cooler conditions, whereas in chamber B3 higher emissions 
could be associated with production from rotting of leaf litter in moderate temperatures. 
However, overall there was no strong direct relationship between temperatures and 
CH3Br emissions, in agreement with the results from the salt marsh site. 
4.5.2 Correlation with methane (Cl 4) fluxes 
From May 2005 until June 2006 air samples from the woodland chamber enclosures for 
the seasonal monitoring were also analysed for CH4 in order to investigate whether there 
was any relationship between CH 4 and CH3Br net fluxes. The results are shown in 
Figure 4-30. For comparison the long-term CH 3 Br fluxes during this time period only 
are shown in Figure 4-31. The net CH4 fluxes were mainly negative, showing a CH 4 
uptake of up to about 150 .tg m 2 h' but mainly showing uptake of a few tens of jig 
h'. Note that net CH 4 fluxes were 3 orders of magnitude greater than net CH3Br fluxes. 
Methane uptake occurred in general on dry days while on the few occasions that net 
emissions were measured the conditions were very wet. A summary of mean, median, 
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shown in Table 4-6. Overall mean CH4 net fluxes were -34 j.tg m 2 h', ranging for 
individual chambers from -30 to -40 p.g m 2 h'. Median fluxes were -21 j.tg m 2 h 
overall, ranging within the chambers between -17 to -28 .tg m 2 h'. The minimum net 









Figure 4-30: Net C114 fluxes (gig m 2 h) from the chambers at the woodland site, May 2005 - June 
2006. 
























Smith et al. (2000) reported a range of CH4 fluxes for seven UK woodland sites of -135 
to 45 p.g m 2 h ' . Thus, methane fluxes measured at this woodland site were within the 
range quoted by Smith et al. (2000). 
Table 4-6: Summary of mean, median, minimum and maximum CR4 net fluxes May 2005 - June 
2006 of each chamber separately and as a single dataset 
CH4 ( 1ug m 2 h') chamber 
Ii 12 B3 B4 all 
mean -30 -40 -34 -30 -34 
median -27 -28 -17 -19 -21 
min -152 -157 -138 -110 -157 
max 220 12 20 16 220 
n (number of 26 25 26 23 100 
measurements)  
The CH4 fluxes of all chambers followed the same pattern, apart from chamber Il on 
two occasions in March 2006, in contrast to the CH3Br fluxes of the four chambers. 
Hence, no clear relationship between net CH3Br fluxes and net CH 4 fluxes was apparent. 
However, the two occasions of high net CH4 fluxes in March 2006 from chamber II 
coincided with high net CH3Br fluxes from the same chamber. Plotting the net CFL 
fluxes against the net CH3Br fluxes for all chambers (Figure 4-32) showed no apparent 
direct correlation. 
-100 J 
CH4 emissions (pg m 2 h) 
Figure 4-32: Net C114 emissions (1g m 2 h5 plotted against net CH 3Br emissions (ng m 2 h) for the 
four woodland chambers. 
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Because high CH 3Br and high CH4 net fluxes from chamber Ii in March 2006 occurred 
on the same occasions, the correlation was plotted for chamber 11 only (Figure 4-33). 
The correlation could be fitted with a linear regression with r 2 = 0.57 and p<0.001. 
However this correlation was strongly driven by one high point and without it r 2 was 
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Figure 4-33: Correlation of Cl 4 fluxes (rig m 2 h') and CH313r fluxes (ng m 2 h') from woodland 
chamber Ii. A linear regression curve fitted through the data had r 2 = 0.57. 
So perhaps net CH 3Br and net CH4 fluxes were related. However, the few occasions that 
indicated a relationship may have been mere coincidence or different processes may 
have become dominant at times of high CH3Br emission. 
4.6 Rotting wood as a source of CH3Br 
Litter decomposition as a potential natural source of CH 3Br was first suggested by Lee-
Taylor and Holland (2000). The following sections describe initial experiments 
conducted on rotting wood, deciduous leaf litter and conifer needle litter from temperate 
woodlands in order to explore whether these might be potential sources of CH 3 Br. The 
global implications of the results described here are examined in Chapter 6. 
A particular object of investigation was rotting wood with visible fungi, following on 
from Redeker et al. (2004b) and their work on ectomycorrhizal fungi. Net  CH3Br fluxes 
were measured on several pieces of rotting wood collected from woodland in and around 
Edinburgh in November - December 2005 and are quoted in ng kg-1 fresh wood h. One 
log of rotting wood (beech) with visible bracket fungi was collected on 22nd November 
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2005 in the Hermitage of Braid and cut into four pieces of similar size (-20 cm length). 
The four pieces, labelled A, B, C and D, were enclosed at ambient laboratory 
temperature for 5 min on two consecutive days (23rd and 24th November) and mean net 
CH3 Br emissions in ng kg fresh wood are shown in Figure 4-34. The most obvious 
bracket fungi (fruiting bodies) were present on pieces A and B, which showed higher 
emissions than the other two pieces C and D, 14 and 16 ng kg' wood h 1 on average 
compared to 7 and 1 ng kg- I  wood h', respectively. The limit of detection for 
quantifying the net flux from rotting wood was determined to be 1.6 ng kg' wood h'. 

















Figure 4-34: Mean net CHBr emissions from four pieces from one log of rotting beech wood, 
covered with bracket fungi, collected at the Hermitage of Braid. Error bars are ±1 sd of 2 
measurement occasions, the dashed line indicates the detection limit for quantifying a net flux. 
Another log of rotting beech wood was collected at the Hermitage of Braid on 29th 
November 2005 and again cut into four pieces labelled A, B, C and D. This wood was 
quite moist and had fungi as well as moss growing on it. Pieces A and B had the most 
obvious fungal fruiting bodies and piece A also had some moss growing on it. Pieces C 
and D had less visible bracket fungi but more moss and white fungal residuals. The four 
pieces were enclosed one day after collection at ambient laboratory temperature (-20 
°C). 
Net CH3Br emissions from the four different pieces are shown in Figure 4-3 5. They 
varied slightly but in general emissions were very low (between 0.3 and 2.4 ng kg 1 
wood h'). Since all four pieces belonged to the same log, the differing emissions may be 
125 
Chapter 4 
due to different colonisations. Net  emissions from this log were about one order of 
magnitude lower than from the one collected on 22nd November. With the exception of 
piece A all measured CH3Br fluxes were below the limit of detection for net flux. 










Figure 4-35: Net CH 3Br emissions from four pieces from one log of rotting beech wood, covered 
with bracket fungi and moss, collected at the Hermitage of Braid on 29th November. The dashed 
line indicates the detection limit for quantifying a net flux. 
Another log of rotting wood was collected at North Belton Farm near Dunbar, East 
Lothian, on 5th December 2005. The log was very waterlogged and had visible bracket 
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Figure 4-36: Pieces A (a) and B (b) from rotting wood with visible fungi, collected near Dunbar. 
Both pieces were enclosed repeatedly over three days at laboratory temperature. 
Subsequently the visible fungal fruiting bodies were removed and the two pieces of 
wood enclosed on another 2 occasions. Results are shown in Figure 4-37 and Figure 
4-38. Net CH3Br emissions before fungi removal were higher from piece A than from 
piece B, 2.4 ng kg' wood h' on average compared to 0.8 ng kg' wood h' on average. 
This was expected as there was more coverage by the fungi on the surface of piece A. 
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After removal of the fungal fruiting bodies, the logs were enclosed again as indicated on 
Figure 4-37. There was a substantial decrease in net CH3Br emissions from both pieces 
after the removal of the visible bracket fungi and net emissions from both pieces of 
wood were now negative. Even though some of the measured fluxes were below the 
detection limit for determining net fluxes (as indicated on Figure 4-37) the tendency for 
lower or negative emissions after removing the fungi was apparent. 
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Figure 4-37: Net CH3Br emissions from two pieces of rotting wood collected near Dunbar before 
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Figure 4-38: Mean net CH 3Br emissions from two pieces of rotting wood collected near Dunbar 
before and after removing fungal fruiting bodies. Error bars are ±1 sd of 4 and 2 measurements 
respectively. Dashed lines indicate the detection limit for quantifying a net flux. 
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Thus, it was concluded that the majority of the net CH3Br emissions measured could 
have been produced by the fungi (Figure 4-38). The decrease in net emissions could also 
have been affected by the wood drying out in the laboratory over time 
In summary, net CH3Br emissions from all rotting wood investigated were very low. 
Although some measured net emissions were below the detection limit for quantification 
of a net flux (mixing ratio of 4 pptv corresponding to 1.6 ng kg' h) there appeared to 
be the tendency for higher emissions from rotting wood with visible fungi. Considering 
the large amount of rotting wood globally, even very small positive fluxes could add up 
to a small but perhaps significant source. Admittedly the method used here may not be 
sensitive enough in determining those small fluxes. Enclosing larger pieces or using 
longer enclosure times would probably lead to oxygen deficiency in the enclosure 
container and would therefore not be advisable because conditions for microorganisms 
could be altered into less favourable. 
4.7 Deciduous leaf litter as a source of CH,Br 
To investigate whether deciduous leaf litter may be a potential source of CH313r, samples 
were collected on several occasions from November to December 2005 from sites in 
Edinburgh and enclosed for headspace sample removal and analysis. The limit of 
detection for quantifying the net flux was 10 ng kg -1 fresh leaves h'. The moisture 
content of the leaves was not measured but all leaf litter was collected under similar 
conditions and was therefore considered comparable. The focus in these simple 
experiments was on whether deciduous leaf litter had the potential to emit C1-I 3Br at all, 
potential controls were only investigated marginally to find hints on which type of 
processes might be involved. Further detailed studies would be necessary to confirm 
results. 
Leaf litter (mainly Acer pseudoplatanus) from the Hermitage of Braid in close proximity 
to flux chambers B3 and B4 was collected in autumn on 7th November 2005. 
Approximately 125 g fresh weight was placed in each of four enclosure containers 
labelled A, B, C and D. All samples were enclosed for 5 min on two successive days to 
measure net CH3Br emissions. On the third day sample A was cooled to 4°C and 
samples B and D were watered with 500 mL tap water to simulate rain or conditions of 
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higher moisture. Sample C was left in the laboratory without further treatment as a 
control. The samples were subsequently enclosed and analysed again. 
Figure 4-39 shows that net CH 3Br emissions varied substantially between the four sub-
samples before the different treatments were applied. Before treatment net CH3Br 
emissions ranged from 11 to 42 ng kg -1 leaves h on the first day and between 2 and 49 
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Figure 4-39: Net CH 3Br emissions from leaf litter collected at the Hermitage of Braid, enclosed at 
ambient laboratory temperature. Before the final enclosure sub-sample A was kept in the fridge at 
4 °C, sub-samples B and D were dosed with tap water, while sub-sample C remained untreated in 
the laboratory. The dashed line indicates the detection limit for quantifying a net flux. 
Emissions from sample A decreased substantially to 22 ng kg' leaves hafter it was 
held in the fridge for 24 h at lower temperature. Emissions from sample C (control) were 
variable during the experiment. After emitting 30 ng kg' leaves h' on the first day, 
emissions decreased to 2 on the second day and increased to 19 ng kg' leaves h on the 
third day, which suggests that the result from day two may have been due to an error in 
analysis. Adding the water to sub-samples B and D had no effect on net CH3Br 
emissions. Net emission from sub-sample B were 17 and 20 ng kg' leaves h on the first 
two days, respectively, and 19 ng kg' leaves h' after treatment with water. Emissions 
from sub-sample D increased slightly after treatment with water from 11 and 15 ng kg' 
leaves h' on the first two days, respectively, to 18 ng kg -1 leaves h' on the third. 
Sycamore leaf litter infected with the "tar spot disease" (Rhytimsa fungus) was collected 
from the King's Buildings campus of the University of Edinburgh on 21st November 
2005 and equally distributed between four containers labelled A, B, C and D in the 
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laboratory. All sub-samples were enclosed once and treatment was started directly after. 
Sub-samples A and B were treated with tap water by submerging the leaves for 
approximately 15 minutes and draining the water away. Sub-samples C and D remained 
untreated. All samples were enclosed before treatment ("0") and then 1, 3 and 24 hours 
after. Net  CH3Br emissions from all samples are shown in Figure 4-40 and averages of 
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Figure 4-40: Net CH 3Br emissions from sycamore leaf litter collected from King's Buildings campus, 
enclosed at ambient laboratory temperature. Samples A and B treated with water after "0" 
measurements. The dashed line indicates the detection limit for quantifying a net flux. 
Net CH3Br emissions from sub-sample A were substantially higher shortly after 
application of the water. Emissions increased from 5 ng kg leaves h 1 measured as 
background emissions from the untreated leaves ("0" on Figure 4-40) to 72 ng kg 
leaves h one hour after application of water, then decreased to 10 ng kg leaves h after 
3 hours and 24 h after application emissions were similar to the initial background 
emissions. Emissions from sub-sample B increased emissions from 11 ng kg leaves h' 
before treatment with water to 15 and 19 ng kg' leaves h at 1 and 3 hours after 
treatment, respectively, and decreased to the initial rate of emissions again after 24 h. 
The untreated controls showed less variation in emissions. Emissions from sub-sample C 
increased slightly after 1 h (11 ng kg' leaves h compared to 7 ng kg' leaves h' 
initially), and then decreased to 2 ng kg -1 leaves h' after 24 h. Net emissions from sub-
sample D were quite low, being zero at the first enclosure increasing to 3 and 6 ng kg- ' 
leaves h' after 1 and 3 h and then decreasing to zero net emissions after 24 h. After 
treatment net C11313r emissions from the wetted samples seemed to be higher than from 
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the dry controls (Figure 4-41). Emissions decreased in general over time after treatments 
which may possibly have been due to the decreasing moisture content of the leaves 
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Figure 4-41: Comparison of mean net CH 313r emissions from wetted and dry sycamore leaf litter. 
Error bars are ±1 sd of 2 replicate sub-samples. The dashed line indicates the detection limit for 
quantifying a net flux. 
A bulk sample of sycamore leaf litter also infected with the Rhytimsa fungus was 
collected from the King's Buildings campus on 28th November 2005 and distributed 
evenly between eight containers. In order to investigate a potential influence of 
temperature on emissions four containers were stored in the laboratory at about 20 °C 
(A, B, C and D) and four containers were stored in the unheated greenhouse at about 
5 °C (E, F, G and H). The net CH3Br emissions from the leaf litter samples were then 
measured on two occasions separated by 24 h. 
Figure 4-42 shows that net CH3Br emissions were higher from leaf litter stored in the 
wanner environment (laboratory, 20 °C) than leaf litter stored in the cooler unheated 
greenhouse (5 °C). Net emissions on the day of collection (28.11.05) were similar in 
both storage environments being quite small or negative, ranging from -5 to 11 ng kg- I 
leaves h' for samples stored in the laboratory and from -14 to 13 ng kg leaves h' for 
the ones stored in the greenhouse. On the second day (29.11.05) the difference between 
storage locations became quite distinct. Samples kept in the warmer laboratory showed 
net CH3Br emissions between 25 and 68 ng kg leaves h' while those kept in the cooler 
greenhouse showed emissions of only 5 to 23 ng kg' leaves h* This suggests that net 
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Figure 4-42: Mean net CH 3Br emissions in ng kg' leaves h' from sycamore leaf jitter, comparing 
leaves stored in a warmer environment at 20 °C (lab) and a cooler environment at 5 °C (unheated 
greenhouse). Error bars are ±1 sd of 4 replicate sub-samples. Dashed lines indicate the detection 
limit for quantifying a net flux. 
A similar experiment was conducted with sycamore leaf litter also infected with the 
Rhytimsa fungus, collected on 7th December 2005 from the King's Buildings campus. 
Again four sub-samples were stored in the warm laboratory (A, B, C, D) and four sub-
samples were stored in the cooler unheated greenhouse (E, F, G, H) and net CH3Br 
emissions were measured on three days. Results are shown in Figure 4-43. Net  
emissions of sub-samples kept in the warm laboratory ranged from 1 to 7 ng kg -1 leaves 
h - 1 on the first day (07.12.05) and 3 to 11 ng kg leaves h - 1 and -14 to 3 ng kg - 1 leaves h - 1  
on the second (08.12.05) and third day (09.12.05), respectively. Net emissions from sub-
samples stored in the cooler greenhouse ranged from 2 to 8 ng kg -1 leaves h' on the first 
day) and 3 to 9 ng kg leaves h and -3 to -15 ng kg leaves h - 1 on the second and third, 
respectively. 
Net emissions from the sub-samples stored in the warmer environment were slightly but 
not significantly higher than from samples kept in the cooler environment. During the 
first two days all net emissions were positive while on the third day all net emissions of 
the sub-samples stored in the greenhouse and two stored in the laboratory were negative. 
However any difference in net emissions due to the different storage conditions and 
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Figure 4-43: Mean net CH 3Br emissions from sycamore leaf litter collected from the King's 
Buildings campus, stored in a warmer environment (laboratory) or a cooler one (greenhouse). Error 
bars are ±1 sd of 4 replicate sub-samples. Dashed lines indicate the detection limit for quantifying a 
net flux. 
Figure 4-44 shows the net CH 3Br fluxes from measured leaf litter throughout autumn 
2005. The emissions plotted are the initial measurements directly after collecting the leaf 
litter and before any treatment to represent best ambient autumn temperatures in the 
woodland. Emissions shown for the 14th November were initial measurements of an 
experiment that experienced experimental difficulties and was therefore not mentioned 
earlier. All enclosed samples were sycamore leaf litter infected with the Rhytimsa 
fungus, apart from the first sample from the Hermitage of Braid (07.11.05) which was, 
however, also dominated by sycamore leaf litter. Mean net emissions from all those 
untreated leaf litter samples were 9 ng kg leaves h - 1 , with minimum net fluxes of-14 ng 
kg' leaves h', maximum net emissions of 43 ng kg' leaves h' and median emissions of 
6 ng kg' leaves h'. Even though some of these fluxes were below the limit of detection 
for quantifying a next flux (10 ng kg' h') there were clear positive emissions from leaf 
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Figure 4-44: Summary of all measured net CH 3Br emissions from deciduous leaf litter (mainly 
sycamore) collected on different days in autumn 2005. Triangles represent sub-samples and the 
dashed line and crosses show the mean value on each sampling date. 
This shows that leaf litter might be a source of CH 3Br emissions, at least in some 
seasons. Some of the smaller measured fluxes were below the detection limit for 
quantification of net flux (mixing ratio of 4 pptv corresponding to 10 ng kg leaves W') 
and would therefore not be significant but most measured net fluxes were higher than 
that and thus clearly indicated positive net fluxes. There appeared to be a general trend 
of declining average net CH 3Br emissions throughout autumn (see dashed line on Figure 
4-44). This might be due to the leaves being more decomposed later in the season, i.e. 
less available substrate for microbial activity. Perhaps the decreasing temperature over 
autumn might have an influence on net CH3Br emissions as well. The spatial variability 
also seemed to be quite important, since even sub-samples taken from one bulk sample 
showed quite a wide range of net emissions. 
Even though fluxes appeared to be quite small in general, due to the amount of leaf litter 
present globally it may account for a significant global flux of CH 3Br (see Chapter 6 for 
discussion of global implications). However, more extensive studies need to be 
conducted to verify this, for example investigating leaf litter throughout the year or 
conducting enclosures of leaf litter from different tree species separately. To investigate 
the effect of temperature on net CH3Br emissions, all measured leaf litter emissions, 
including wetted sub-samples, were plotted versus the air temperature on the 
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Figure 4-45: Plot of net CH 3Br emissions from deciduous leaf litter against air temperature for all 
enclosures from the previous experiments including wetted sub-samples. 
More measurements were carried out at ambient laboratory temperature which resulted 
in a greater spread of net CH3Br emissions at temperatures around 20 °C. Therefore the 
scatter plot for higher air temperatures between 17 °C and 21 °C only is shown in Figure 
4-46. The highest net CH 3Br emissions always occur at higher temperatures. Perhaps 
there are temperature-sensitive processes partly controlling CH3Br emissions (and 
uptake) that only occur at higher temperatures, e.g. increasing rate of microbial activity. 
Perhaps these temperature-sensitive processes might only occur in parts of the leaf litter 
and would therefore be very variable between and even within samples of the size used. 
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Figure 4-46: Plot of net CH 3Br emissions from deciduous leaf litter against laboratory air 
















4.8 Conifer needle litter as a source of CH3Br 
4.8.1 CH3Br net emissions 
The potential of conifer needle litter to act as a significant CH313r source was also 
investigated. The focus in these simple experiments was on whether conifer needle litter 
had the potential to emit CH 3Br at all without investigating processes in detail. Conifer 
needle litter was collected on three occasions (10.03.06, 27.04.06 and 01.06.06) as a 
bulk sample from the floor of Griffin Forest, Perthshire, Scotland, which is a Sitka 
spruce plantation. Each bulk sample was divided into four sub-samples which were 
enclosed for 5 minutes as previously described. Net  CH313r emissions are quoted in ng 
kg-1 fresh needles h. The moisture content was not determined but conditions were 
considered to be similar and therefore comparable. Each sub-sample was enclosed three 
times within one day, one day after collection. Unlike deciduous leaf litter and wood 
which showed similar results when enclosed within a short time period, the net CH 3 13r 
emissions from needle litter varied considerably within one day. All measured fluxes 
were above the limit of detection for determining a net flux (2 ng kg' needles h'), and 
generally were much higher than from deciduous leaf litter. 
Conifer needle litter collected in March emitted 28 ng kg -1 needles h' on average with a 
range from 12 to 66 ng kg' needles h". Needle litter collected in April emitted 
significantly more, 139 ng kg' needles h' on average with a range from 57 to 262 ng kg 
needles h4 , while conifer needle litter collected in June emitted 88 ng kg' needles h' 
on average with a minimum and maximum of 6 to 164 ng kg' needles h'. 
A summary of the emissions from the four sub-samples on all three sampling dates is 
shown in Figure 4-47. The conifer needle litter collected in April emitted almost double 
the amount of CH313r than the sample from March and also substantially more than the 
needle litter collected in June. The variation between net CH 3 13r emissions of sub-
samples from one bulk conifer needle litter sample collected during one day and 
different sampling days was quite large. Therefore variability would have to be 
considered in global scale-up. However all measured net CH 3Br emissions were 
positive. In general net CH3Br emissions were higher from conifer needle litter than 
from deciduous leaf litter, even though the variability was high. However, more samples 
and different environments need to be examined to verify the source strength, but 
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emissions from all kinds of temperate woodlands, deciduous as well as coniferous, 
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Figure 4-47: Net CHBr emissions from four sub-samples on of conifer needle litter sampled from 
Griffin forest on 3 dates in 2006. The triangles represent the sub-samples and the dashed line and 
crosses represent the mean on each sampling day. Error bars are ±1 sd of 3 measurements of each 
sub-sample. 
4.8.2 CH4 net fluxes 
All air samples taken from enclosures of conifer needle litter were also analysed for CH 4 
in order to investigate whether there was any relationship between net CH313r emissions 
and net CH4 emissions. Net fluxes are quoted in p.g kg' fresh needles h* The methane 
net fluxes ranged from positive to negative. All measured concentrations of CH4 were 
higher than the lowest standard used for calibration (1.2 ppm). Therefore all fluxes 
quoted here were higher than the limit of detection. 
Methane fluxes were positive only in March, with mean CH 4 fluxes of 65 pg kg' 
needles h', and ranged from negative to zero or positive net fluxes in April and June 
with average net fluxes of -18 and -8 tg kg' needles h 1 , respectively for these two 
sampling occasions. 
The range of net fluxes was 11 to 112 p.g kg - I needles h' in March, -47 to 25 ig kg' 
needles h1 in April and -24 to 6 jig kg' needles h 1 in June which showed great variation 
in net CH4 fluxes. Positive net emissions dominated in the samples collected in March 
and negative fluxes, i.e. uptake, dominated in the April and June samples. Whether this 
represents general seasonality in CH4 fluxes cannot be answered at this stage. 
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Figure 4-48 shows a summary of net CH4 emissions from the four sub-samples on all 
three sampling dates, illustrating the great variability of net emissions. Positive net 
fluxes at least at some times indicated that conifer needle litter might be a potential 
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Figure 4-48: Net CH 4 emissions from four sub-samples on of conifer needle litter sampled from 
Griffin forest on 3 dates in 2006. The triangles represent the sub-samples and the dashed line and 
crosses represent the mean on each sampling day. Error bars are ±1 sd of 3 measurements of each 
sub-sample. 
To investigate the relationship further, net CH 3 Br emissions were plotted against net 
CH4 emissions in Figure 4-49. There appeared to be some relationship between net CH 4 
and net CH3Br emissions showing highest CH313r emissions when CH 4 emissions were 
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Figure 4-49: Net CH 3Br emissions plotted against net CH 4 emissions from four sub-samples on of 
conifer needle litter sampled from Griffin forest on 3 dates in 2006. The dashed line and crosses 
represent the mean on each sampling day. 
A definite CH4 uptake indicates good gas diffusivity through the sample which may help 
the CH3Br to escape, conversely a very wet sample would show CH 4 emissions and low 
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CH3 Br escape. Another possibility is that similar microbial processes may be involved in 
CH3Br production and CH 4 uptake. The environmental conditions in different seasons or 
times of the year appear to influence emissions. However, more detailed work on this 
would be necessary for explicit conclusions. 
4.9 CHBr emissions from other woodland ecosystems 
4.9.1 Ancient birch woodland, Loch Katrine, Scottish Highlands 
Air samples from in situ enclosures of woodland soil were taken on 23rd March 2006 at 
an ancient birch woodland at about 400 in altitude in the southern Scottish Highlands 
near Loch Katrine (56'17' N, 4°38' W). The trees were situated on a hillside and were 
about 12 - 15 in high, with considerable spaces in between them. Earlier in the same 
week, on 20th March, the woodland site in Edinburgh (Hermitage of Braid) was 
routinely sampled in order to compare the measured emissions with the ones from the 
Loch Katrine site. 
One-off enclosures for air sampling at Loch Katrine were made by inserting into the 
ground an enclosure collar identical to the ones used in the Hermitage of Braid. The 
sampling procedure and analysis were the same as previously described. The first 
enclosure was made close to the bottom of the slope, underneath a mature birch tree. The 
ground was covered with leaf litter, grass and some snow. The second location for 
enclosure was situated a few hundred metres up the slope still within the woodland. The 
ground here was covered with moss, grass and leaf and bracken litter. The surrounding 
area was covered in snow but the area within the enclosure was snow-free. The third 
enclosure place was located in an intermediate position underneath a mature birch tree, 
close to a small stream. The surface coverage within the enclosure was similar to that at 
the second enclosure location. Soil temperatures at the three locations were 3.7 °C, 
4.1 °C and 5.0 °C, respectively, and air temperatures were 4.2 °C, 4.6 °C and 5.6 °C, 
respectively. Enclosures took place between 11:00 and 14:00. Net CH 3 Br emissions 
from the three locations at Loch Katrine were quite similar, ranging from 88 to 101 ng 
m 2 h 1 (Figure 4-50). 
Emissions at the routinely sampled woodland site in Edinburgh ranged between 46 and 
94 ng m 2 h' only three days earlier (Figure 4-51). Therefore the emissions at Loch 
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Katrine were comparable in terms of magnitude with the higher-emitting chambers at 
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Figure 4-51: CH 3Br net emissions from the 4 chambers at the Hermitage of Braid on 20th March 
2006. 
All these headspace samples were also analysed for CH 4 . All samples from the Loch 
Katrine and Edinburgh sites showed CH 4 uptake, ranging from -1 to about -2 p.g m 2 h' 
at Loch Katrine (Figure 4-52) and slightly greater uptake of -3 to -21 p.g m 2 h 1 at the 
Edinburgh site (Figure 4-53). Therefore measured CH4 net emissions of the two sites 
were also quite comparable on this occasion. 
These results show that the magnitudes of net CH3Br and net CH 4 emissions measured 
in Edinburgh were similar to those from other woodland at least on this one occasion, 
even though it was slightly colder and wetter at Loch Katrine (the soil and air 
temperatures measured in Edinburgh on 20th March were 6 and 8 °C). Therefore results 
of the detailed study of net CH 3Br emissions from the Hermitage of Braid could possibly 
140 
Chapter 4 
be transferable to other temperate woodland sites as well. At both locations positive net 
CH3 13r emissions were measured, which strengthened the suggestion that woodland soils 
and surface litter may indeed be CH 313r emitters, at least at some times during the year. 
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Figure 4-53: CH4 net emissions from the 4 chambers at the Hermitage of Braid on 20th March 2006. 
4.9.2 Mangrove forest, Kenya 
In order to investigate potential net CH 3Br emissions from other woodland ecosystems, 
enclosure gas samples were taken on 28th May 2006 at two locations in a tropical 
mangrove ecosystem in southern Kenya (4°25' S, 39°50' E) for comparison with CH 3 Br 
emissions measured in temperate climates. 
The samples from a mangrove ecosystem in Kenya were kindly taken by Dr. Maurizio 
Mencuccini (The University of Edinburgh) from three areas with different soil and 
vegetation conditions. The first location, Makongeni, (labelled I in Figure 4-54 and 
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Figure 4-55) comprised 2-year old mangrove plantations of Ceriops tagal and Avicennia 
alba on very deep peat, away from the coastline. The second area, Gazi Bay, (labelled 2 
in Figure 4-54 and Figure 4-55), comprised 5-year old restored stands of Rhizophora 
mucronata, planted on sandy substrates with little OM content. The soil used to be peaty 
but the surface has been totally eroded away, although there might still be deep peat a 
few m beneath. The third area, another part of Gazi Bay (labelled 3 in Figure 4-54 and 
Figure 4-55), was sparse natural stands of Avicennia marina and Bruguiera located in 
proximity to the coastline where there was active erosion. The soil at this site contained 
sand and clay with little OM content at the surface, but underlain by peat at 2 - 3 in 
depth. At all locations soil temperatures were around 27 °C while air temperatures were 
29-32 °C on enclosure occasions. 
Samples from two different enclosures per site (i.e. two spatial replicates) were taken 
and analysed for CH 3Br and CH4 as previously described. Figure 4-54 shows the net 
CH 3Br emissions from the two enclosures at each of the three mangrove sites. Apart 
from one sample from site number two all locations showed net emissions ranging from 
205 to 802 ng m 2 h'. The highest emissions were measured from the enclosures closest 
to the sea, probably due to the higher bromide content as a result of the influence of sea 
spray and inundation. The mean emission of all locations of 278 ng m 2 h' was 
substantially higher than routinely measured at the woodland site in Scotland but 
comparable to the emissions measured at the salt marsh site. Therefore mangroves may 
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Figure 4-54: Net CH3Br emissions from two chambers in three different Kenyan mangrove sites. 
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Although there was a time gap of 7 days between sample collection and analysis in 
Edinburgh, which was longer than the headspace samples from the local sites were 
normally stored, the samples should still give an indication of the magnitude of fluxes. 
However, since the effect of this long storage time and especially pressure and 
temperature conditions during the flight on the sample concentration were not exactly 
known, results should not be over-interpreted. 
Enclosure samples were also analysed for CH 4 and the results are shown in Figure 4-55. 
There were analytical problems with one sample from site 2, so no CH 4 result is 
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Figure 4-55: Net CH4 emissions from two chambers in three different Kenyan mangrove sites, 
missing the result for one sample from chamber 2. 
This indicated that mangroves might also be a potential source of CFL but further 
investigation needed to be done. Thus mangroves appeared to be quite different from 
temperate woodland soils which show mainly CH 4 uptake, presumably due to different 
moisture and temperature conditions. No association between net CH 3Br and CH4 
emissions was apparent. 
4.10 Conclusions 
Net CH3Br fluxes measured from a temperate woodland site in Edinburgh from March 
2005 until August 2006 fluctuated between positive (emissions) and negative (uptake). 
This might indicate the presence of CH 3 Br uptake and production processes, either 
simultaneously one outweighing the other at times, or temporal changes between 
production and uptake processes. Mean net fluxes did not differ very much between 
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summer and winter seasons. Median net fluxes were approximately zero in winter and 
slightly positive in summer, 10 and 33 ng m 2 h' for the summers of 2005 and 2006, 
respectively. No clear seasonal cycle in net CH313r fluxes could be identified. However 
mean net fluxes were positive, ranging from 17 to 33 ng m 2 h-1 between the four 
chambers over the whole measurement period. This contradicts Varner et al. (2003), 
Shorter et al. (1995) and Serça et al. (1998) who predicted a net CH3Br uptake for 
temperate woodlands. However no distinct driving force or controls over the magnitude 
or direction of fluxes could be identified. There were no convincing associations of net 
CH313r fluxes with air and soil temperature or net CH4 emissions, either from field 
enclosures or from laboratory enclosures of litter. There were also no clear differences in 
net emissions between the two chamber pairs in different locations (11&12 and B3&B4, 
respectively) which had had similar soil properties but different vegetation. 
Many net CH 3Br fluxes measured during the diurnal sampling campaign were below the 
detection limit and were therefore not significant. However, a tendency to trends in 
diurnal variation appeared to exist. The pattern of diurnal cycles in net CH313r fluxes 
seemed to be different for each chamber and at different times of the year. The results 
indicated that if discernible diurnal profiles were present, the peak (negative or positive) 
occurred at mid-day or soon after in the early afternoon, coinciding with maximum daily 
air temperatures. 
The main difference between the salt marsh site and the woodland site was the 
vegetation present. Since it was concluded in Chapter 3 that processes associated with 
the vegetation were the main driving force of net CH 313r fluxes, the mere lack of under-
storey vegetation at the woodland site might be the reason for net CH 3Br emissions 
being an order of magnitude less than at the salt marsh. However, the positive net fluxes 
at the woodland site, even if smaller, indicate other processes such as bacterial, fungal or 
abiotic being involved in controlling net CH 3Br fluxes. As for the salt marsh chambers, 
temperature did not seem to be a major control on emissions. The strong light influence 
as seen for the salt marsh chambers could not be found for the woodland chambers. 
However, the woodland ground did not experience direct sunlight because it was shaded 
by the trees. In contrast to the woodland site, the salt marsh did not show negative 
fluxes. The woodland did not show chambers that were persistently higher than the 
others (as chamber U  and L6 at the salt marsh), every chamber had little "outbreaks" at 
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times, apart from chamber B4. The behaviour of salt marsh and woodland site in terms 
of CH313r fluxes was therefore distinctively different. 
Very small positive net CH 313r fluxes were measured from enclosures of rotting wood 
with a maximum of 16 ng kg' fresh wood h'. However, positive fluxes, even if small, 
might indicate net CH 313r emissions from rotting woody litter. Considering the large 
amount of rotting wood globally even very small fluxes could add up to a small but 
perhaps significant source. 
Mean net CH 313r fluxes from deciduous leaf litter samples were 9 ng kg' (fresh) leaves 
h- 1 , with minimum net fluxes of-l4 ng kg -1 leaves h- 1 , maximum net fluxes of 43 ng kg -1  
leaves h and median emissions of 6 ng kg' leaves h'. This shows that leaf litter might 
be a potential source of CH 313r emissions, at least in some seasons. Emissions were 
higher when leaf litter was kept at warmer temperatures than at ambient autumn 
woodland temperatures. This might indicate the existence of temperature-sensitive 
processes controlling CH313r emission. There was a tendency to higher emissions from 
leaf litter with a higher moisture content but the results were not entirely clear. More 
investigation to verify this would be necessary. The variability of net CH 3 13r emissions 
from sub-samples from one bulk sample was quite large and needs to be considered in 
potential scale-ups. There appeared to be a small seasonal trend of declining net CH 3Br 
emissions throughout the period from beginning of November until mid December. 
Enclosures of leaf litter throughout more seasons might be able to clarify this further. 
Measured net CH 313r emissions from conifer needle litter were exclusively positive, 
ranging from 6 to 262 ng kg' fresh conifer needles h'. Even though there was great 
variation in emissions between sub-samples, net emissions were in general higher than 
from deciduous leaf litter. This showed that conifer needle litter might also be a potential 
significant source of CH 3 13r. 
Net CH 3 13r emissions from three locations in an upland ancient birch woodland in the 
Scottish Highlands on a cold winter day were similar to those measured only a few days 
earlier at the site in Edinburgh, ranging from 88 to 101 ng m 2 h and therefore showed 
clearly positive emissions. This strengthened the evidence showing that temperate 
woodland can be a net CH 3 13r emitter with strong positive fluxes on some days. Mean 
145 
Chapter 4 
net CH3Br emissions from a tropical mangrove site in Kenya were 278 ng m 2 h- ' which 
indicated quite substantial positive fluxes. Hence this strongly suggested that mangrove 
systems may be a significant source of CH 3Br, probably as there is plentiful Br in the 
soil. 
In summary, this work strongly suggests that temperate woodlands, including deciduous 
leaf litter, conifer needle litter and rotting wood are sources of CH 3 Br. Even though 
fluxes were generally quite small, measurements of positive fluxes outweighed negative 
ones both within a season and over the course of one year. The results from this research 
therefore contradict most previous studies that predominantly report woodland soil as a 
sink of CH3Br. Since all these findings are only initial results, more work on this would 
be desirable to confirm the magnitude of fluxes and identify the processes controlling 
them. Potential global implications of these results are discussed in Chapter 6. 
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5 	Controlled experiments with soil cores and field chambers 
5.1 Introduction 
Few experimental studies have been undertaken previously to investigate the influence 
of environmental factors or controls on net CH3Br fluxes, and the number of different 
ecosystems investigated is sparse. 
Redeker and Cicerone (2004), for example, conducted experiments on rice plants where 
they quantitatively investigated the variability in methyl halide emissions due to 
environmental factors such as soil halide content, light and temperature and rice cultivar. 
They found increased methyl halide emissions in controlled greenhouse experiments 
with increased ambient air temperature, soil pore water content and soil halide 
concentration. However, the effects of these environmental factors were an order of 
magnitude smaller than changes associated with the growth stage of the rice plants. 
Gan et al. (1998) reported experiments with different plant species grown in soil with 
different Br concentrations and found a proportional increase in CH3Br per gram of dry 
plant mass with increasing soil Br concentration within a certain range. Apart from 
differences between plant species they found no CH3Br from Br --treated soil only or 
treated soil containing only plant roots (without plants) and therefore concluded that 
CH3Br was released from the aboveground part of the plants. Further, a vegetation 
removal experiment on peatland was conducted by White et al. (2005) which showed 
CH3Br consumption by the soil and therefore verified CH3Br production from higher 
plants. 
A number of biochemical or microbiological studies investigating plant metabolism 
have been conducted (Saini et al., 1995, Harper et al., 2000, Hamilton et al., 2003), 
which reported enzymatic methyltransferase reactions, for example for microbial 
transhalogenation, as being significant biosynthesis reactions in higher plants resulting 
in production of methyl halides. 
On the other hand, a few studies (e.g. Varner et al., 1999a, Hines et al., 1998) report 
CH3Br uptake from soils at ambient concentrations (in contrast to fumigant 
concentrations), due to microbial processes. 
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In this chapter, more process-orientated work, in contrast to the seasonal field 
monitoring of salt marsh and woodland (Chapter 3 and Chapter 4, respectively), is 
described. A number of controlled experiments were conducted using enclosures of soil 
cores from salt marsh and woodland, with and without vegetation, as well as controlled 
experiments with the field chambers themselves. The main focus was to investigate the 
influence on CH3Br fluxes of environmental factors such as soil moisture, soil bromide 
content, soil and air temperature and light on salt marsh and woodland ecosystems. 
In the controlled experiments an environmental factor, e.g. the soil bromide content, was 
artificially altered and net CH 313r emissions from treated cores/chambers compared to 
those of the untreated control cores/chambers, to determine any differences in net CH 3Br 
fluxes those modified factors might have caused. Further experiments using model 
substances (chemicals) were conducted to assess whether the origin of net CH3Br 
emissions was primarily biotic or abiotic. Although the nature of the net fluxes could not 
be resolved entirely some obvious or potential processes or pathways and relationships 
were identified. Experimental replicates were limited because of the long analysis time 
for each gas sample (about 30 mm) and limited storage time for gas samples in the 
Tedlar sampling bags. All experiments were only initial exploratory tests to try and 
identify potential mechanisms, further detailed experiments with more replicates would 
be necessary to verify the results. 
5.2 Design of controlled experiments with soil cores 
For the experiments described in this chapter, soil cores of 16 cm diameter and 15 cm 
depth (volume -3000 cm 3) were taken from the John Muir Country Park and the 
Hermitage of Braid on several occasions (site descriptions in Chapters 3 and 4, 
respectively). To do this, PVC cylinders were carefully inserted into the ground, 
generally enclosing both soil and above-ground vegetation, and subsequently dug out 
with a spade and transported to the laboratory or greenhouse. The soil remained in the 
cylinder for the entire duration of the experiments. Cylinders and enclosure containers 
were labelled A, B, C, D, E, F, G, and H and re-used for different experiments. 
Controlled enclosures were carried out in the laboratory and unheated greenhouse using 
opaque plastic containers of 10 L (10,000 cm 3)  volume (Figure 5-1). For enclosures, the 
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containers were sealed with airtight lids which were fitted with 3-way-taps for easy and 
quick gas sample withdrawal. The enclosure time was 5 minutes. Sampling and analysis 
procedures were the same as previously described for field samples (Chapter 2, Section 
2.2.4). The air temperature of the laboratory or greenhouse and the soil core 
temperatures were also measured just before or after the enclosures. 
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Figure 5-1: Schematic of an enclosure chamber used for controlled indoor experiments with soil 
cores. 
The enclosure container was tested several times with "blank" enclosures (container plus 
empty cylinder only) for potential CH313r emissions or uptake. No CH 313r emissions or 
uptake were ever measured in blank enclosures. 
Figure 5-2a shows a typical sequence of experiments with soil cores and Figure 5-2b 
shows a salt marsh soil core in the enclosure container. A typical experimental sequence 
involved first placing the soil cores situated in the cylinders into the enclosure 
containers. After measuring the background emissions from a core a treatment was 
started, e.g. application of NaBr dissolved in water to the core. The net emissions from 
the core were then monitored over time. Subsequently the vegetation was removed from 
the core and the emissions from the soil only were investigated. All of the above-ground 
vegetation was removed and as much of the below-ground vegetation as possible but 
some of the fine roots remained in the soil. Then the core was horizontally divided into 
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Figure 5-2: (a) Typical sequence of soil core experiments: e.g. Br was applied as NaBr in solution, 
Cl-I3 13r released was then measured. Plants were subsequently removed and emissions of CH 3 13r 
from soil only were measured. Then the soil core was divided horizontally into two halves and 
emissions from each half were measured. (b) Shows a salt marsh soil core with vegetation in the 
enclosure container. 
The first set of treatments increased the soil Br - concentration by application of sodium 
bromide (NaBr) or seawater in different water volumes to salt marsh cores with 
vegetation and application of NaBr to woodland soil cores. The role of soil biotic 
processes in CH3Br production was investigated by heating the cores, and antibiotic 
treatments were carried out with a bactericide (streptomycin) and fungicide 
(cycloheximide). The influence of light on the salt marsh and woodland soil cores was 
investigated by applying additional visible and UV light, and potential CH 3Br uptake 
was investigated by applying additional CH3Br to the cores and measuring the 
headspace CH3Br concentration over time afterwards. For all treatments the dose was a 
compromise between adding enough to be effective and not so much that the soils would 
be altered. 
5.3 Application of sodium bromide (NaBr) 
5.3.1 Application of NaBr to salt marsh soil cores with vegetation 
For initial investigation of whether increased soil bromide (Br -) concentration affected 
net CII3Br fluxes, a high dose of sodium bromide (NaBr) in solution was chosen to 
apply to the soil cores. Four soil cores labelled A, B, C and D were taken from John 
Muir Country Park on 9th May 2005 in proximity to the pair of long-term monitoring 
chambers I1&12. 8.5 g of NaBr was dissolved in 250 mL de-ionised water and applied to 
each of soil cores C and D in order to increase the soil bromide content by about 75 
times background Br- concentration. Background soil Br - concentration was on average 
90 p.g g 1  dry soil, corresponding to 20 jtg g' wet soil (Chapter 3, Section 3.2.2). Thus 
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the mass of background Br in the soil was calculated to be 87.75 mg (90 tg g' x 
975 g), where 975 g is the calculated mass of dry soil per core (for calculation see 
Appendix B). To increase the Br - concentration to 75 times higher than background, the 
required amount was 6.58 g (75 x  87.75 mg = 6581 mg) per core. This was achieved by 
dissolving 8.5 g of NaBr in 250 mL de-ionised water and adding to the core. 
An aliquot of 250 mL of de-ionised water only was applied to soil cores A and B, the 
control cores, to ensure that any measured differences in emissions were attributable to 
the higher bromide concentration in the soil only and not to higher soil moisture content. 
Soil core emissions were then monitored over a time period of 11 days (Figure 5-3). 
Time "0" corresponds to the background net CH 3Br emissions from the cores before 
application of NaBr/de-ionised water. The background net CH313r emissions were 1565 
ng m 2 h for core A, 966 ng m 2 h' for core B, 876 ng m 2 h' for core C and 1692 ng 
M-2 h for core D. In all figures the untreated control cores are shown as blue triangles. 
After application of NaBr, emissions increased by a factor of about 12 for core D and 
about 14 for core C, while application of de-ionised water only did not effect the 
emissions at all. Despite the variation in net emissions from the cores with the same 
treatment, emissions from core D were in general higher throughout the experiment than 
emissions from core C, so emissions after application of NaBr rose to about 20,000 ng 
M-2 h' for core D and to about 12,000 ng m 2 h 1 for core C. The difference between 
water and NaBr application was very clear. Since the controls showed no difference in 
net emissions over time after application of de-ionised water the increase in CH 3Br net 
emissions of the treated cores can be attributed to the higher Br - concentration in the 
soil. Emissions declined towards the end of the experiment for all cores, both treated and 
controls, which could possibly be due to declining moisture content of the soil or not 
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Figure 5-3: CH 3Br net emissions from 4 enclosed salt marsh soil cores monitored over time. Cores A 
and B (blue) were de-ionised water controls, cores C (red) and D (orange) were dosed with 75 times 
background Br. 
After monitoring treated and control cores for 195 h (about 8 days), the vegetation was 
removed from all soil cores, as indicated in Figure 5-3. Net CH3 13r emissions from the 
bare soil clearly declined after vegetation removal but did not cease. This might have 
been due to processes other than plant-related ones, such as microbial or abiotic 
processes (e.g. oxidation of organic matter). 
At the end of the experiment all the cores were cut in half horizontally and emissions 
measured from each half. Generally, emissions from the top half were higher than from 
the bottom half (Figure 5-4), with the exception of core A which was a control core with 
relatively low emissions. Note that the analytical uncertainties for low net emissions 
were higher than for higher net emissions (Chapter 2). These results strongly suggest 
that most of the net emissions derive from the top 5 cm of the soil. This might be due to 
more plant root biomass or organic matter in the top 5 cm or perhaps the soil Br - content 
was higher in the top than in the bottom. For cores A, B and C the sum of emissions 
from the two half cores exceeded the last measured emissions from the intact core. This 
could be caused by a greater surface area resulting from cutting the cores and facilitated 
diffusion of CH 3Br in the headspace. Another explanation is that soil disturbance 
stimulated microbial activity or allowed more abiotic oxidation to occur. 
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A paired t-test with the Null-Hypothesis H0 that there are no differences between mean 
values within the 95% confidence interval showed that there was a significant difference 
between the initial emissions and after NaBr dose (p = 0.117, H 0 has to be rejected). So 
the effect of adding bromide was significant. Similarly, the mean emissions from the 
cores with vegetation were significantly different from the emissions after vegetation 
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Figure 5-4: CH 3Br emission from horizontally divided soil cores. Cores A and B (blue) were de-
ionised water controls, cores C (red) and D (orange) were dosed with NaBr to increase the soil Br 
concentration by 75 times background. 
5.3.2 Application of seawater to salt marsh soil cores with vegetation 
To investigate the influence of flooding with seawater, which naturally contains Br, on 
net CH 313r emissions, six soil cores including vegetation, labelled A, B, C, D, E and F, 
were taken randomly from the salt marsh in John Muir Country Park on 30th May. At 
the same time seawater was collected which had a measured bromide content of 
51 mg U'. Four cores were flooded with seawater, so 250 mL of seawater was applied to 
cores C and D, 500 mL of seawater to cores E and F and 250 mL of de-ionised water to 
cores A and B to act as controls to ensure that measured differences in emissions were 
due to the seawater and not simply to higher moisture content. Cores A, C and E were 
stored in the laboratory at ambient temperature while cores B, D and F were kept in an 
unheated greenhouse. Soil temperature fluctuated more in the cores stored in the 
greenhouse (between about 12 °C and 25 °C) while the cores in the laboratory remained 
at about 18 °C for the entire duration of the experiment (Figure 5-5a). This was a 
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consequence of the air temperature varying more in the greenhouse than in the 
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Figure 5-5: Temperatures of (a) the soil cores and (b) ambient air at each sampling occasion. 
Figure 5-6 shows the time series of net CH 3 Br emissions from each core following 
application of the seawater or de-ionised water. Filled symbols in Figure 5-6 are 
emissions from the cores in the laboratory and unfilled symbols linked with dashed lines 
show emissions from the cores in the greenhouse. 
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Figure 5-6: Net CH3Br emissions of soil cores dosed with 250 mL of seawater (cores C and D) and 
500 mL of seawater (cores E and F) and de-ionised water controls (cores A and B) over three days. 
Cores A, C and E were stored in the laboratory while cores B, D and F were kept in the unheated 
greenhouse. 
Background net CH 3Br emissions from the cores before application are shown at time 
"0" on Figure 5-6. They were 305 ng m 2 h' for core A, 950 ng m 2 h' for core B, 257 
ng m 2 h for core C, 855 ng m 2 h' for core D, 176 ng m 2 h' for core E and 667 ng 
h' for core F. The first measurement of the treated cores was 15 min after application. 
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Following the application of seawater, net CH3Br emissions fluctuated but did not 
clearly increase or decrease. 
In general, net emissions from the soil cores in the greenhouse were higher than 
emissions from the soil cores in the laboratory. Figure 5-7 shows the relationship 
between air temperature and CH3Br net emissions and Figure 5-8 the relationship 
between soil core temperature and CH 3Br net emissions. Highest net CH 3Br emissions 
were measured from soil cores kept in the greenhouse (unfilled symbols) even though 
temperatures measured in the greenhouse were often lower than in the laboratory. High 
CH3Br emissions were measured at low as well as high temperatures and the range of 
net CH3Br emissions measured was greater from cores in the greenhouse than from 
cores stored in the laboratory. It therefore appeared that there was no direct relationship 
between temperature and CH3Br emissions. The results could be due to the direct 
sunlight the cores experienced in the greenhouse, in contrast with the laboratory, where 
there was light but not direct sunlight. 
A MANOVA analysis confirmed that there were significant differences within the 95% 
confidence interval between mean emissions from cores stored in the greenhouse and 
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Figure 5-7: Relationship between air temperature and net CHBr emissions. Filled symbols are soil 
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Figure 5-8: Relationship between soil core temperature and net CH 3Br emissions. Filled symbols are 
soil cores in the laboratory, unfilled symbols cores in the greenhouse. 
Applying seawater to the soil cores did not clearly result in higher CH 313r emissions 
(Figure 5-6). Unlike when NaBr was applied (Section 5.3.1), the soil bromide content 
would not have increased significantly because the application of 500 mL seawater 
containing 51 mg L' Br - would only have increased the soil bromide content by --5 .tg 
g' dry soil (assuming a background of 90 j.ig g 1 dry soil) or by —1 tg g' wet soil 
(assuming a background of 20 tg g' wet soil). This is because the Br content of the salt 
marsh soil has built up over time from frequent seawater inundation. 
Following the first part of the experiment (inundation with seawater) the vegetation was 
removed from the soil cores. Figure 5-9 shows net CH3Br emissions from the soil cores 
after vegetation removal. Time 72.5 in Figure 5-9 is when the last measurements were 
made with vegetation still in place. An immediate decrease in emissions occurred after 
taking the vegetation out. Half an hour after removing the vegetation net CH313r 
emissions approximately halved and then decreased further, even showing negative net 
emissions for cores A and C. Net emissions 23 h after removing the vegetation (96 h 
from start of experiment) were -41 ng m 2 h-1 for core A, 126 ng m 2 h for core B, -59 
ng m 2 h for core C, 50 ng m 2 h for core D, 27 ng m 2 h for core E and 75 ng m 2 h 
for core F. 
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Figure 5-9: The vegetation was removed after the first part of the experiment. Time "72.5" 
represents the last enclosure with plants still in the soil core, after that the bare soil was monitored 
and enclosed on several occasions. Cores A, C and E were stored in the laboratory while cores B, D 
and F were kept in the unheated greenhouse. At 24 hours after removing the vegetation (97 h from 
start of experiment), cores were dosed with seawater again as indicated. 
24 hours after removing the vegetation the soil cores were again dosed with the same 
amount of water or seawater as previously, i.e. 250 mL of seawater were applied to 
cores C and D, 500 mL of seawater to cores E and F and 250 mL of de-ionised water to 
cores A and B as indicated on Figure 5-9. The seawater used for this part of the 
experiment was taken on 7th June 2005 and had a measured bromide content of 47 mg 
U'. There was an initial increase in net CH3Br emissions after application of 
seawater/de-ionised water which lasted for several hours and then emissions decreased 
again 48 h after application. However, net emissions throughout this part of the 
experiment were still significantly lower than from vegetated soil cores. 
A paired t-test with the data from the last time point with vegetation and the first time 
point without vegetation confirmed significant differences (p = 0.04) in CH3Br 
emissions from cores with vegetation and without vegetation. 
Again emissions from soil cores stored in the greenhouse (B, D, F) were in general 
higher than from cores stored in the laboratory (A, C, E) probably partly because of 
slightly higher soil and air temperatures in the greenhouse (Figure 5-10), but as 
discussed above, the influence of sunlight was probably more significant. 
157 
Chapter 5 
Emissions clearly decreased after removing the vegetation, strongly suggesting that the 
main processes causing CH3Br emissions are plant-related. Although emissions dropped 
they did not cease completely. Hence there appeared to be some process(es) in the soil, 
either microbial (bacterial or fungal) or abiotic, causing net CH3Br emissions. However, 
since it was not possible to remove all root mass, perhaps decay of organic matter 
contributed as well to net emissions. Further experiments with sterile soil might give a 
better indication of processes involved in the production of CH3Br, e.g. whether they are 
of biological or abiotic origin. 
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Figure 5-10: Temperatures of (a) the soil cores and (b) ambient air at each sampling occasion. 
After measurements of emissions from the whole cores without vegetation were 
completed, the cores were horizontally divided in half. This time emissions did not 
clearly appear to be from the top half (as seen in the NaBr-experiment, Figure 5-4) but 
emissions were lower in general and differences therefore perhaps less obvious. Cores 
A, B, E and F did show greater emissions from the top half while cores C and D showed 
higher emissions from the bottom half (Figure 5-11). As in the NaBr experiment, the 
sum of CH3Br emissions from the upper and lower half of each core was often greater 
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Figure 5-11: CH 3Br emission from horizontally divided soil cores previously treated with seawater 
(250 niL to cores C and D, 500 niL to cores E and F) and 250 mL de-ionised water (cores A and B), 
respectively. 
5.3.3 Application of NaBr to salt marsh soil cores with vegetation - effect of 
water volume on net CH 3Br emissions 
This experiment was performed to examine whether the water volume influences the 
CH3 Br emissions as well as application of Br - . To do so this time NaBr was dissolved in 
different volumes of de-ionised water. Six vegetated soil cores were taken on 2nd 
August 2005 from an area of 2 m 2 in the middle of the salt marsh between chambers I to 
4 and 5 to 8. The soil cores were labelled A, B, C, D, E, and F, taken back to the 
greenhouse and placed in the enclosure containers. The first enclosure was not carried 
out until the next day to allow the cores to equilibrate with the ambient greenhouse 
temperature and the fluxes measured were considered to represent the background net 
CH3 Br emissions. 
Subsequently 2.26 g of NaBr (to increase the background soil Br - concentration by 20 
times) was applied to each core in different volumes of de-ionised water as shown in 
Table 5-1. Pairs of cores were treated with the same volume, to form replicates. The 
amount of 20 times background soil Br was chosen as an intermediate between the 
previous NaBr and seawater experiments. Since seawater hardly showed any effect on 
CH3 Br emissions a higher Br concentration was considered necessary, but not as high as 
in the first experiment. In this experiment the amount of NaBr was focus of the 
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by volume at the salt marsh, adding 50 mL water resulted in an increase of 1% to 76% 
by volume, adding 250 mL resulted in an increase of 6% to 81% by volume and adding 
500 mL increased the volumetric water content by 13% to 88%. 
Table 5-1: Volumes of de-ionised water containing 2.26 g of NaBr applied to the soil cores. 







Net CH3Br emissions from the soil cores were then measured over time starting -1 hour 
after application. 171 hours (-1 week) after the start of the experiment, the vegetation 
was removed and the soil cores were then enclosed on a further three occasions. Air and 
soil temperatures measured when sampling the cores varied during the experiment 
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Figure 5-12: Temperatures of (a) the soil cores and (b) ambient greenhouse air temperatures at each 
sampling occasion. 
Figure 5-13 shows the CH 3Br emissions of the six soil cores over nine days. The 
emissions increased dramatically for all cores after application of NaBr. Background net 
CH3 Br emissions of the cores are shown at time "0" on Figure 5-13, they were 353 ng 
m 2 h 1 for core A, 882 ng m 2 h for core B, 996 ng m 2 h' for core C, 861 ng m 2 h- 1 for 
core D, 551 ng m 2 h' for core E and 562 ng m 2 h- 1 for core F. They increased to 10,147 
ng m 2 h' for core A, 16,040 ng m 2 h-1 for core B, 17,115 ng m 2 h for core C, 15,052 
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ng m 2 h for core D, 11,988 ng m 2 h for core E and 8,294 ng m 2 W' for core F 1.5 h 
after application. 
Throughout the experiment CH3Br emissions were considerably lower from core A than 
from core B even though they had the same treatment. However, the background 
emission from core A was less than half that of core B. On average, emissions from all 
cores increased by a factor of about 15 (about 20 initially at the first measurement after 
treatment) after artificially increasing the soil bromide content by about 20 times 
compared to an increase by a factor of about 12 - 14 times after increasing the soil 
bromide content by about 75 times for the experiment described in Section 5.3.1. This 
suggests that there is a threshold soil B( concentration, above which further Br - addition 
does not increase CH313r emissions, i.e. soil Br - concentration is no longer a limitation 
on CH3Br production. Some minor fluctuation in net emissions over time might be due 
to temperature variation. 
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Figure 5-13: Net CH 313r emissions after application of NaBr (20 times background soil Br) in 50 mL 
de-ionised water (cores A and B), in 250 mL de-ionised water (cores C and D) and in 500 mL de-
ionised water (cores E and F). Time "0" represents the background concentration before 
application, vegetation was removed 171 h from the start of the experiment, as indicated. 
Lower emissions were observed from the cores with the highest moisture content (E and 
F, Figure 5-13), which suggested emission suppression by loss of gas diffusivity or 
perhaps through anaerobic conditions developing. This finding agrees with field 
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observations at the salt marsh, where low emissions were measured from soil saturated 
with rain or seawater (after flooding). 
A MANOVA analysis with the treatments including repeated measures resulted in two 
tests showing significant differences in mean values between treatments (p-values of 
0.074 and 0.010) and one test showing no significant differences between treatments 
(p = 0.373). However, the difference in emissions before NaBr dose and directly after 
was significant, demonstrated by a paired t-test with p  <0.001. 
After removing the vegetation, net CH313r emissions from all cores decreased 
significantly but did not cease. Net emissions from core A dropped from 8390 to 1120 
ng m 2 h, core B dropped from 12,600 to 4250 ng m 2 h', core C from 16,000 to 5600 
ng m 2 h, core D from 7400 to 1540 ng m 2 h, core E from 7760 to 2180 ng m 2 h and 
core F from 6630 to 2470 ng m 2 h. This decrease in emissions after removing the 
vegetation was in good agreement with observations made from experiments described 
earlier in this chapter. The emissions from cores with vegetation were significantly 
different from the cores after vegetation-removal as confirmed by a t-test with p  <0.001. 
From this experiment it can be concluded that soil moisture content may have some 
influence on CH 3Br net emissions but much smaller than soil Br - concentration and 
presence of vegetation. In combination with other environmental factors soil moisture 
might play a greater role. 
5.4 Experiments to investigate the role of soil biotic processes in 
CH3Br production 
Several studies reported in the literature using heating to eliminate soil microbial 
activity, mainly when investigating C or N cycling. Endiweber and Scheu (2006) report 
that soil heating reduced microbial biomass by killing part of the microbial population. 
The effects of soil heating might also modify the composition of the microbial 
community (Dickens and Anderson, 1999). Furthermore Pietiki.inen et al. (2000) report 
that changes in chemical properties of humus during dry heating were capable of 
causing changes in microbial community and structure of the humus. 
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A number of investigators have studied the effect of drying and re-wetting on microbial 
activity and mineralisation (e.g. Birch, 1958; Rey et al., 2005). Generally they found an 
increase in mineralisation rates which is known as the "Birch effect" after the author of 
the first definitive studies. This stimulation results from an increase in availability of 
decomposable substrates after drying and rewetting (Sorensen, 1974). Biomass-C is also 
released from dead soil biota, and new substrates from previously inaccessible 
aggregates are released through re-wetting (Bottner, 1985), resulting in an increase of 
microbial biomass and fungal hyphae (Scheu and Parkinson, 1994). 
5.4.1 Application of NaBr to woodland soil cores and sterilising by heating 
In this experiment the effect of an elevated soil bromide content on CH313r emissions 
from woodland soil, which naturally had no more than trace concentrations of bromide 
present, was investigated. Three soil cores (A, B and C) were taken from the woodland 
site close to long-term emission chamber B3 on 28th August 2005 and placed into the 
enclosure containers in the greenhouse. The woodland soil cores did not have any higher 
plants growing on them; they only possessed a small layer of leaf litter. Therefore no 
vegetation removal was conducted in this experiment. The first enclosure was delayed 
until the next day to allow soils to equilibrate to the ambient greenhouse temperature. 
The cores were enclosed to provide the background emission rates and then 2.26 g of 
NaBr dissolved in 250 mL of de-ionised water was added to cores B and C and 250 mL 
of only de-ionised water was added to soil core A. Core A was kept as the control core 
to ensure that any measured change in CH3Br emission could be attributed to the 
application of NaBr only and not to the increased moisture content of the soil. The mass 
of 2.26 g NaBr added was chosen to make this experiment comparable to the experiment 
described in Section 5.3.3 where this amount corresponded to 20 times the background 
concentration of Br in the salt marsh soil (there was no detectable Br in the woodland 
soil; see Chapter 4, Section 4.2.2). 
Soil core temperature and air temperature in the greenhouse measured on each sampling 
occasion fluctuated considerably (Figure 5-14). 
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Figure 5-14: Temperatures of (a) the soil cores and (b) ambient greenhouse air temperatures at each 
sampling occasion. 
Figure 5-15 shows net CH 3Br emissions from all cores over time. Time "0" corresponds 
to the background emissions of the soil cores before application of NaBr. Background 
emissions were 30 ng m 2 h' for core A, I ng m 2 h 1 for core B and 5 ng m 2 h for core 
C. Soil core emissions were first measured 1 h after NaBr application. The treated cores 
B and C emitted significantly more CH 3Br than the control core A throughout the 
experiment (Figure 5-15). 
Net CH 3 Br emissions increased for cores B and C immediately after NaBr application 
compared to the control (core A) from virtually zero to over 25,000 ng m 2 h' which is 
an even larger increase and higher net emissions than in the similar experiment with salt 
marsh cores described in Section 5.3.3. Net emissions from the control core A remained 
around zero throughout the experiment, fluctuating slightly between positive and 
negative net emissions. Thus the woodland soil is indeed capable of emitting CH 3Br in 
large quantities when bromide is present in the soil. There are several possible ways for 
Br- to enter the soil, e.g. from salting roads in the winter or dry or wet atmospheric 
deposition from sea spray. This effect should not be underestimated because the 
woodlands could quickly convert from a mainly CH3Br up-taking (or low emitting) to a 
higher CH3Br emitting ecosystem. However, it is difficult to quantify a possible impact 
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Figure 5-15: Net CH 3Br emissions after application of NaBr in 250 mL de-ionised water (cores B 
and C) and 250 mL of de-ionised water only (core A). Time "0" is the background concentration 
before application. Cores were heated at 110 °C for 24 h as indicated (grey shade). 
After monitoring CH 3Br emissions from the soil cores for a few days, the cylinders were 
removed from the soil and all the cores were placed in an oven and heated at 110°C for 
24 hours with the purpose of eliminating most of the microbial activity in the soil. The 
soil was heated on trays and it did not keep the cylindrical shape. The soil did not shrink 
much due to the heating process but the structure was disturbed. After cooling down to 
about ambient temperature, the soil was repacked into the cylinders and each soil core 
was then re-wetted with 250 mL of deionised water. The cores were subsequently 
enclosed and sampled again. Sampling 2.5 h after heating (169.5 h from start of the 
experiment), as indicated in Figure 5-15, shows net emissions after heating the soil and 
rewetting. After heating and re-wetting the treated cores were clearly still emitting 
CH 3Br. 
Most bacterial activity was believed to have ceased due to heating up the soil. So 
emissions should not be due to bacterial activity. Either emissions were due simply to 
abiotic reactions in the soil or they might have been due to fungal action, as possibly 
fungal spores can survive heating and become stimulated by re-wetting the soil. 
Alternatively, heating was not efficient enough to eliminate soil bacterial activity, or re-
wetting revived the micro-organisms remaining. Scheu and Parkinson (1994) reported 
an increase in microbial biomass and fungal hyphae after drying and re-wetting soil that 
induced an observed rapid release in CO2. (To eliminate this latter possibility, in the next 
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experiment, described in Section 5.4.2, soil enclosures were conducted without initial re-
wetting the soils after heating.) Similar effects are reported in the literature, for example 
Eimers et at. (2003) found drying and subsequent re-wetting had a large effect on 50 4 
release from peat and Fierer and Schimel (2002) state that soil drying and rewettmg 
impose a significant stress on the soil microbial community. Possibly the "Birch effect" 
caused an increase in microbial activity and mineralisation (Rey et al., 2005). 
It is quite likely that CH 3Br production and uptake processes are taking place 
simultaneously. If primarily those microorganisms that were taking up CH3Br before 
heating were eliminated through heating, the balance would have been shifted in favour 
of CH 3 Br production processes after heating. Some increase in emissions from all cores 
after heating and re-wetting might be due to soil disturbance and stimulating microbial 
activity but this environmental effect was smaller than the effect of the soil Br content. 
5.4.2 Effect of sterilising by heating on salt marsh soil cores 
In this experiment the effect of heating on unvegetated salt marsh soil cores was 
investigated. To do so three soil cores (A, B and C) were taken at the salt marsh site in 
close proximity to long-term chambers L5 and L6 on 3rd October 2005. Vegetation was 
removed with a knife from the surface of the soil before taking the soil cores, ensuring 
that soil only (including fine plant roots) was brought back in the cylinders to the 
unheated greenhouse. Background headspace samples from the soil cores were taken 
and analysed for CH 3 Br on 4th and 5th October. Then 2.26 g of NaBr dissolved in 
100 mL de-ionised water was applied to both cores B and C to elevate the soil bromide 
content to about 20 times background (as described in 5.3.1), whilst 100 mL de-ionised 
water only was applied to soil core A as the control core. 
Enclosure samples were taken over 3 days and analysed for CH 3Br as described 
previously, then all cores were heated for 2.5 days at 110 °C in an oven. Cores were 
placed in the oven without the retaining cylinders but their structure was not destroyed, 
since the high clay content of the soil ensured that they retained their cylindrical shape. 
Subsequently the soil cores were taken out of the oven, cooled to room temperature, 
placed back into the cylinders and enclosure containers and returned to the greenhouse. 
Enclosures were continued for another 2.5 days afterwards. CH3Br emissions from the 
three soil cores over the whole experiment are shown in Figure 5-16. 
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Figure 5-16: CH 313r emissions of three salt marsh soil cores over time. Core A is the control, dosed 
with de-ionised water only, cores B and C were dosed with NaBr solution. The cores were heated 
and cooled between 50 and 116 h as indicated (grey shade). 
Background net CH 3Br emissions from the three cores were -5 ng m 2 W' for core A, 30 
ng m 2 h' for core B and 60 ng m 2 h' for core C. One hour after application of NaBr, 
net emissions from cores B and C increased to 263 and 254 ng m2 111,  respectively. Net  
emissions from control core A, dosed with de-ionised water only, remained at slightly 
below zero. Emissions from the two cores dosed with B( (B and C) were clearly higher 
than from the control core A, but compared to previous experiments with vegetated 
cores, the emissions increased less relative to the control (Sections 5.3.1 and 5.3.3). 
Emissions from all three cores increased significantly after heating. Heating the cores 
was intended to stop all (or most) activity of soil micro-organisms, especially soil 
bacteria, so before heating, conditions might have been less favourable for CH3Br 
production, or possibly soil bacteria were taking up CH3Br produced from other sources. 
CH3Br emissions decreased over time after heating but were still higher than before 
heating. As also indicated in the literature, heating might have killed only part of the 
microbial population (Endiweber and Scheu, 2006) or merely altered the composition of 
the microbial community (Dickens and Anderson, 1999, Pietikäinen et al., 2000). 
Therefore there might have been more soil bacteria after heating that produced CH 3Br or 
more soil bacteria taking up CH 3Br before heating. 
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Heating would also have increased the soil aeration, by greatly reducing the water 
content (soil water content was determined to be 76% volumetrically). This might have 
altered the conditions for any abiotic reactions taking place in the soil, resulting in a 
higher net CH3Br production after heating. 
The temperature of the soil cores and the air temperature of the greenhouse during 
sampling did not seem to be directly related to the net CH3Br emissions (Figure 5-17). 
However, high emissions occurred at the same time as high temperatures. 
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Figure 5-17: Temperatures of (a) the soil cores and (b) ambient greenhouse air temperatures at each 
sampling occasion. 
5.4.3 Effect of heating and antibiotic treatment on net CH 3Br emissions 
from salt marsh soil cores 
Since heating alone may not be efficient enough for eliminating soil microbial activity, a 
new approach using antibiotics was undertaken to achieve this. To inhibit fungal and 
bacterial activity in soils, cycloheximide (fungicide) and streptomycin (bactericide) have 
been most commonly used (Anderson and Domsch, 1973, 1975) since these two 
antibiotics inhibit most effectively eukaryotic and prokaryotic protein synthesis, 
respectively (Stryer, 1988). Mostly these antibiotics have been used to inhibit 
nitrification processes. Streptomycin is an aminoglycoside while cycloheximide belongs 
to the glutarimide antibiotics. 
The length of the incubation with antibiotics is particularly important; Anderson and 
Domsch (1973) suggested that experiments should be kept as short as possible, as in 
long-term incubations populations of antibiotic-resistant microorganisms could develop. 
Incubation times between a few hours and a few days have been considered acceptable. 
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The concentration of antibiotic should be at a level which is low enough not to have 
effects on non-targets. In the following experiments antibiotic concentrations were 
chosen following suggestions by Castaldi (1997), who conducted experiments using 
cycloheximide and streptomycin concentrations in a range from 0.5 to 9.5 mg antibiotic 
g' dry soil. 
In this experiment a combination of heating and application of antibiotic (streptomycin, 
a bactericide) was used in order to investigate the effect of bacterial processes on CH3Br 
emissions from salt marsh soil. Eight unvegetated soil cores labelled A, B, C, D, E, F, G 
and H were taken on 17th October 2005 from the salt marsh site in proximity to 
chambers L5 and L6. The existing vegetation was removed from the soil surface using a 
knife before inserting the cylinders for soil core removal. The cores were brought back 
and placed in enclosure containers in the unheated greenhouse and subsequently 
enclosed and sampled as previously described. The first enclosures were regarded as the 
background emissions from the "undisturbed" soil cores. 
The soil cores had to be broken up in order to disperse the antibiotic. To do so, directly 
after the first enclosure the soil cores were homogenised by breaking up the soil by hand 
(as sieving turned out not to be practical due to the very high clay content of the soil) 
and large roots were removed. Soil from 4 cores (E - H) received treatment with 
antibiotic. In this experiment a concentration of 5 mg antibiotic g' of dry soil was 
chosen which represented the medium range used by Castaldi (1997). A solution of 
antibiotic (3 g streptomycin sulphate dissolved in 150 mL de-ionised water) was sprayed 
onto the soil from one core (-2500 g fresh weight), corresponding to 5 mg streptomycin 
9- 1 of dry soil, and then further worked in to make it as well dispersed as possible. Cores 
E and F were antibiotic-treated only, whereas soil from cores G and H was placed on 
trays in an oven and heated at 110 °C for 22.5 h before the antibiotic application and 
therefore represented a combination of heating and antibiotic treatment. Cores A and B 
were adopted as controls and received no further treatment other than breaking up and 
repacking. Soil from cores C and D was placed on trays and heated in an oven at 110 °C 
for 22.5 h and then repacked, to act as controls for heating and break up (no antibiotic). 
The soil was repacked into the cylinders and re-placed in the enclosure containers. 
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The soil from cores C, D, E and F that was heated was not completely dried out, but 
since the experiment aimed to investigate the effect of the heating rather than the 
moisture content this was considered a minor problem. The volume of the soil that had 
been heated decreased due to the loss of water. Emissions from the repacked cores were 
monitored over nine days. 
Soil and air temperature measured on each sampling occasion varied more at the 
beginning of the experiments than toward the end (Figure 5-18). Figure 5-19 shows the 
net CH3Br emissions of the eight soil cores over time. 
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Figure 5-18: Temperatures of (a) the soil cores and (b) ambient greenhouse air temperatures at each 
sampling occasion. 
The background net CH 3 Br emissions from the "undisturbed" cores, time "0" on Figure 
5-19, ranged from about 40 to 120 ng m 2 h'. The first measurement after treatments 
showed an increase for the heated controls C and D to 275 and 316 ng m 2 W 1 , 
respectively. Net  emissions of core G (treated with antibiotic and heated) increased to 94 
ng m 2  h' which was almost twice its background but emissions for its replicate, core H, 
decreased. All other cores showed net emissions below the concentration of background 
air. After this initial drop, net emissions for most cores steadily increased over time and 
all cores showed positive net emissions 70 h after the start of the experiment. Antibiotic 
treated cores E, F and H showed net emissions lower than the untreated controls A and 
B and the heated controls C and D at times in the early stages of the experiment. Core G 
(treated with antibiotic and heated) showed net emissions greater than the unheated 
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Figure 5-19: Net CH 313r emissions from the treated salt marsh soil cores over time. Cores A and B 
(controls) were untreated apart from breaking up the soil, cores C and D were heated to 110 °C, 
cores E and F were treated with 5 mg streptomycin g' dry soil and cores C and H were treated with 
streptomycin and subsequently heated. 
Because there appeared to be little difference in emissions from different treatments and 
net emissions from all cores were quite low in general, all cores were then 
(approximately 100 h after the start of the experiment) dosed with 2.26 g NaBr in 
100 mL de-ionised water, as indicated in Figure 5-19, to artificially increase the soil 
bromide content to about 20 times background and elevate emissions. The emissions 
from the cores were then monitored for another three days. 
After application of NaBr, the cores not treated with antibiotic showed an increase in 
CH3Br emissions from about 37 ng m 2 h to 230 ng m 2 h for core A, from 60 to 120 
ng m 2 h for core B, from 53 to 182 ng m 2 h' for core C and from 80 to 202 ng m 2 h' 
for core D. After NaBr application net emissions from antibiotic-treated cores E and F 
remained basically unchanged while emissions from antibiotic-treated and heated cores 
G and H appeared to increase slightly but were within the range of previous emissions 
during the experiment. Overall, net CH3Br emissions from the antibiotic-treated cores 
appeared to be lower than from the control cores. It also appeared that there were higher 
CH313r emissions from the heated cores (antibiotic treated as well as untreated ones) 
compared to their unheated counterparts. The NaBr dosing definitely resulted in a 
greater spread in terms of magnitude of the net emissions from the different soil cores 
but especially in an increase in emissions from cores without antibiotic treatment. 
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A MANOVA analysis of different treatments versus time showed no significant 
differences between treatments before the additional NaBr dose with p-values of 0.128, 
0.138 and 0.261 and showed also no significant differences between treatments after the 
additional NaBr dose with p-values of 0.378, 0.785 and 0.395. 
Overall the antibiotic-only treated cores had the lowest CH 3Br emissions. Heating did 
not appear to stop all bacterial activity. This might indicate an involvement of soil 
bacteria in processes leading to positive net CH 3Br emissions. However any process 
would be of a small magnitude since hardly any effect could be seen before artificially 
elevating the level of net emissions. But breaking up and heating the soil appeared to 
increase CH3Br emissions, perhaps due to increased abiotic production and/or 
stimulation of soil bacterial activity. Lower temperatures during the experiment could 
mean the effect was less obvious. 
5.4.4 Effect of bacterial and fungal processes on CH 3Br emissions from 
woodland soil 
In the following experiment the effect of bacterial and fungal processes on CH3Br 
emissions from woodland soil was investigated using a bactericide (streptomycin) and a 
fungicide (cycloheximide). Since the previous experiments suggested other processes 
than bacterial and plant-related being involved in the production of CH3Br, the 
investigation of fungal processes, as well as bacterial ones, was included in this 
experiment. 
Eight woodland soil cores, labelled A, B, C, D, E, F, G and H, were collected on 28th 
March 2006 in the Hermitage of Braid close to long-term emission chamber B4. The soil 
cores were brought back to the unheated greenhouse where they were sieved to 4 mm to 
homogenise the soil and all large root material was also removed to allow further 
treatment with antibiotic to be more effective. The sieved soil was then re-packed into 
the cylinders. In this experiment the soil Br - concentration was increased at the 
beginning of the experiment by applying NaBr solution to elevate CH3Br emissions and 
therefore make any effects of the antibiotic treatment clearer. For this experiment 
ultrapure de-ionised water was used to make up all the solutions. Cores A and B were 
dosed with 100 mL ultrapure de-ionised water as control cores whilst cores C to H were 
dosed with 1.13 g NaBr dissolved in 100 mL water which increased the soil Br- 
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concentration to the equivalent of —10 times the background Br concentration of the salt 
marsh soil. Cores were then left overnight and the first enclosure carried out the next 
morning shown as time "0" in Figure 5-20. After the enclosure the soil from all cores 
was spread out on trays again to dry out slightly to improve the uptake of further 
applications in solution. 
Cores A and B were control cores which received no treatment other than sieving while 
cores C and D were control cores which were sieved and treated with NaBr. Cores E and 
F were treated with streptomycin (bactericide) as described in the previous Section 
5.4.3. Specifically 3 g of streptomycin dissolved in 150 mL ultrapure de-ionised water 
was sprayed on and worked into the soil, corresponding to 2.5 mg antibiotic g' dry soil. 
Cores G and H were treated with cycloheximide (fungicide). Specifically 2.5 g of 
cycloheximide suspended in 150 mL ultrapure de-ionised water was sprayed on and 
worked into the soil, corresponding to 1.7 mg antibiotic g 1 dry soil which was in the 
lower range described by Castaldi (1997). The control cores, not treated with antibiotic 
(A - D) were then dosed with the same volume of ultrapure de-ionised water, so that any 
effect on net CH313r emissions observed in the antibiotic treated cores could be 
distinguished from any effect that might be due to the wetting process alone. All soil 
was subsequently repacked into the cylinders. 
The first enclosure of the cores after treatment was carried out 2.5 h after the application 
of the antibiotics and net CH 313r emissions were measured from then on over 7 days 
(Figure 5-20). Net CH 3Br emissions from the cores treated with cycloheximide 
(fungicide) were not significantly different from emissions from the NaBr controls, so it 
was decided to dose them additionally with a high concentration of streptomycin 
(bactericide) to determine if CH 313r production was mainly due to bacterial activity and 
perhaps a higher concentration of bactericide was needed. Hence 15 g (equivalent to 10 
mg antibiotic g-1 dry soil) streptomycin dissolved in 150 mL water was sprayed on and 
worked into the soil of cores G and H which were then repacked into the cylinders. The 
point in the time-line at which streptomycin was applied to the cycloheximide cores is 
also shown in Figure 5-20. 
CH3 Br emissions of the bromide-dosed cores were about 25 times higher than the 
untreated control cores (A and B), initially to over 6000 ng m 2 h' compared to about 
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250 ng m 2 h 1 , respectively. Emissions increased even more from the cores treated with 
antibiotics, to between 15,000 and 21,000 ng m 2 h 2.5 h after treatment. After this 
initial increase, which possibly was partly due to increasing temperature, net emissions 
decreased again. Figure 5-21 shows the first three points from Figure 5-20 separately to 
clarify differences in net CH3Br emissions directly after antibiotic treatment. The higher 
emissions from antibiotic-treated cores (E to H) compared to the NaBr controls (C and 
D) could result from the elimination of microorganisms that were previously taking up 
CH3 Br. With those microorganisms eliminated, net CH 3Br emissions increased. Since it 
is likely that CH 3Br production and uptake processes take place simultaneously, when 
the uptake process is eliminated, the balance would be briefly shifted in favour of net 
emissions. Similar observations have been made for CO in soils as reported by Smith et 
al. (1973). 
A MANOVA analysis showed significant differences between the treatments versus 
time with p-values of 0.001, <0.001 and 0.040. Additionally, a t-test between NaBr dose 
and a mean of the CH 3Br emissions from cores with different treatments afterwards 
showed a significant effect with a p-value of 0.007. Therefore the treatments showed a 
significantly different effect from the NaBr dose only. 
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Figure 5-20: CH 3Br emissions from the treated woodland soil cores over time. Blue triangles show 
untreated controls. All other cores were further dosed with NaBr solution. Light blue diamonds 
show NaBr dosed controls, red squares show bactericide treated cores with 2 mg streptomycin g' 
dry soil and the orange circles show cores treated with a fungicide, initially 1.7 mg cycloheximide g' 
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Figure 5-21: First 3 points of Figure 5-20 to clarify differences in net CHBr emissions from 
different treatments. Time "0" shows net CH 3Br emissions after NaBr dose, 2.5 and 20 after 
antibiotic treatment. 
Soil and air temperatures (Figure 5-22) fluctuated considerably over the duration of the 
experiment. The soil core temperature in particular seemed to correspond to the net 
CH3Br emissions since the patterns of soil core temperature and net CH3Br emissions 
were similar. So fluctuations in emissions might have been partly due to temperature. 
The large fluctuations in temperature were due to measurements at different times of the 
day. Higher temperatures were measured in late afternoon while lower temperatures 
were generally measured early in the morning. 
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Figure 5-22: Temperatures of (a) the soil cores and (b) ambient greenhouse air temperatures at each 
sampling occasion. 
Figure 5-23 shows net CH 3 13r emissions were directly proportional to the temperature 
with r2 ranging from 0.31 (control core) to 0.94 (NaBr and streptomycin). The positive 
correlations between soil core temperature and net CH 313r emissions appeared to be 
stronger for some cores and treatments than for others. 
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Figure 5-23: Correlation of soil core temperature and net CHBr emissions for each core, fitted with 
linear regression lines. 
Therefore temperature alone did not account for differences in net emissions between 
different treatments. Emissions from the controls were low, as expected from routine 
chamber measurements of woodland soil. Controls dosed with NaBr showed enhanced 
emissions due to the increased soil bromide content. Treatment at a dose of 2.5 mg 
streptomycin g dry soil seemed to result in slightly higher emissions than from the 
NaBr controls which might be a result of the death of bacteria had been previously 
taking up CH3Br. 
Treatment with the fungicide cycloheximide did not seem to have any effect on 
emissions compared to the NaBr controls suggesting that there were no fungal processes 
involved in CH313r production processes from soils or that the chosen dose was not high 
enough to affect the fungi. However application of cycloheximide was slightly more 
complicated than application of streptomycin since the former is not water soluble 
whereas the latter is. This could have resulted in the fungicide not reaching the soil 
homogeneously. However after additionally treating the formerly fungicide treated soil 
cores with a higher dose of bactericide (10 mg streptomycin g 1 dry soil), CH313r 
emissions dropped to a level below the NaBr controls and also below the cores dosed 
with 2.5 mg streptomycin g' dry soil. This may suggest that a higher concentration of 
bactericide was necessary to eliminate soil microbes in the whole soil core. In the 
previous experiment with salt marsh soil (Section 5.4.3) a slightly higher dose of 5 mg 
streptomycin g' dry soil appeared to be effective. Perhaps with this higher dose of 
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bactericide not only bacteria that were taking up CH3Br were eliminated but also some 
that might have been involved in CH 3 13r production processes. 
Admittedly the applications of antibiotics used here might not be sufficient enough to 
eliminate all soil micro-organisms. A method such as gamma-ray-irradiation of the soil 
might be more effective in eliminating all soil microbial activity and therefore reduce 
uncertainties about the effectiveness of antibiotics that remain here. Unfortunately it was 
not available for these experiments. 
However, "normal" net CH 313r emissions measured in the field, for example at the salt 
marsh and woodland, are probably mainly the result of plant and related biotic 
processes, whereas elevated emissions observed immediately after application of 
bromide solution may be due to abiotic chemical processes. Therefore they might not 
really be the result of enhancement of the normal ambient processes. Possibly the soil 
Br- is partly or mainly organically bound (as e.g. for N which is 95% organically bound), 
so when Br is added it may hugely increase the labile Br - supply for CH 3Br forming 
processes. 
In conclusion the contribution of any soil bacterial or fungal processes to net CH 3 13r 
emissions appeared to be quite small since no significant effect on net CH 3 Br emissions 
could be seen without artificially elevating the level of net CH 3Br emission by NaBr 
addition as shown in the previous Section 5.4.3. While plant-related processes appeared 
to be mainly responsible for CH3Br production, soil microorganisms may be more 
important for CH 3Br uptake. 
5.5 Effect of vegetation on net CH 3Br fluxes at the salt marsh site 
The effect of vegetation on net CH3Br fluxes at the salt marsh site was investigated in 
this experiment. Field measurements (Chapter 3) indicated a strong association of 
CH3 Br emission with vegetation suggested by the strong diurnal and seasonal cycles. 
Also vegetation removal from experiments with soil cores (Sections 5.3.1, 5.3.2, and 
5.3.3) indicated plant-related processes being responsible for most of the measured net 





















separate in-situ enclosure chamber, located close to chamber pair U  &U2 in the upper 
salt marsh area, was conducted. The additional chamber was only installed for the 
measurement period of this experiment and subsequently removed. The CH3Br net 
emissions from this chamber were measured over three weeks at the same time routine 
measurements of the other salt marsh chambers were conducted and then the above 
ground vegetation was removed using a knife. Net  fluxes from the unvegetated chamber 
were then measured for another three weeks. The net CH 3Br fluxes over the duration of 
the experiment are shown in Figure 5-24. 
Figure 5-24: CH3Br emissions during the vegetation removal experiment in May/June 2005 with an 
additional chamber located in the upper salt marsh and. Error bars correspond to the ±14% 
relative error estimated for the GC analytical measurement of CHBr concentration. 
Baseline monitoring of this additional chamber for three weeks showed that its 
emissions were in the same range as from the lower-emitting chambers in the main study 
(see Chapter 3), but they dropped to zero and were subsequently even slightly negative 
after above-ground vegetation in the collar was removed. These results strongly suggest 
that processes associated with the vegetation account for the majority of net CH 3Br 
emissions from salt marshes. 
A paired t-test between CH 3Br emissions with vegetation and emissions after vegetation 
removal showed the Null-Hypothesis (there is no difference) had to be rejected with p = 
0.076 and therefore the emissions with vegetation were significantly different from the 
emissions without vegetation. 
The above-ground vegetation was also removed from all chambers at the end of the 
long-term measurement campaign at the salt marsh. Net  CH3Br emissions from all 
chambers dropped significantly after vegetation removal but did not show negative net 
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fluxes (Chapter 3, Section 3.4). However, vegetation re-growth was quite considerable 
in the long-term chambers while the base of the collar in this experiment consisted of 
virtually bare soil only. The result from this experiment was in good agreement with 
experiments by White et al. (2005) who also found CH 313r consumption after vegetation 
removal in peatlands. Overall, it appeared that processes associated with vegetation are 
the dominant source of CH313r emissions, as noted previously for Brassica (Gan et al., 
1998), salt marsh plants (Rhew et al., 2002, Manley et al., 2006) and rice plants 
(Redeker et al., 2003) and, recently, for tropical ferns (Saito and Yokouchi, 2006). 
5.6 Influence of light and shading on CHBr emissions 
Long-term monitoring of the salt marsh chambers and especially diurnal variations of 
emissions were strongly associated with the solar cycle, with highest emissions in the 
middle of the day and lowest emissions during the dark (Chapter 3). Also, observed 
peaks in CH 313r emission always occurred under sunny conditions. Hence the diurnal 
and day-to-day variation in sunshine appeared to have more direct influence on high 
emissions than temperature. To investigate the influence of light on CH 313r emissions 
further, controlled experiments on some of the salt marsh chambers and soil cores were 
conducted. Additional light was applied using a small battery-operated lamp and 
chambers were shaded to investigate the effect of less light on CH 313r emissions. 
5.6.1 Experiments with field chambers 
5.6.1.1 Shading experiments 
In this experiment it was investigated if shading the chambers prior to enclosure had any 
effect on net CH3Br emissions. On 31st July 2006 chambers Ul, U2 and L6 were 
enclosed and sampled at the usual sampling time in the morning. They were then shaded 
for 30 min by placing an aluminium lid above the chambers, leaving a gap of 
approximately 3 cm to allow air circulation but cutting off the inside of the chamber 
from sunlight. After shading, each chamber was enclosed and sampled again and the 
results are shown in Figure 5-25. The experiment was conducted in the morning when 
emissions due to the normal diurnal cycle would normally increase over time until about 
mid-day. After shading, emissions decreased compared to the first enclosure (Figure 
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5-25). The effect was greater for chambers I and 6 which still contained vegetation than 
for chamber U2 from which all vegetation had been removed a few weeks earlier. 
The day on which these experiments were carried out was classified as a day with sunny 
periods. So the intensity of the solar flux was not as high as on clear sky days. However 
CH3Br emissions clearly decreased when normally an increase due to the diurnal cycle 
would be seen. Hence this strongly suggests an effect of sunlight/shading on CH 313r 
emissions and it is likely that this effect might be even greater on clear sky days. It was 
unlikely that this effect was due to temperature since the temperature in the enclosure 
chamber did not change significantly during the shading. Given the results discussed in 
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Figure 5-25: Net CHBr emissions during the shading experiment with the salt marsh field 
chambers. Chambers Ui, U2 and L6 were shaded for 30 min prior to enclosure. The day on which 
the experiments were carried out was classified as sunny periods. 
A paired t-test with the Null-Hypothesis H 0  that there were no difference between 
CH3 13r emissions before and after shading showed that H 0 had to be rejected with p = 
0.127 and therefore emissions before shading were significantly different than after 
shading. 
5.6.1.2 Exposure to additional light 
In this experiment it was intended to investigate whether any additional light would 
result in altered net CH 3Br emissions. On 25th May 2006, a day classified as broken 
cloud and sunny spells with light wind, chambers Ui and U2 at the salt marsh site were 
exposed to additional light by placing one small battery-powered lamp above each 
chamber for one hour prior to enclosure. The lamp was a Philips TL 4W/12 fluorescent 
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UV lamp that was 6 inches long and mounted in a fluorescent camping lantern using 6 
volts battery power. The lamp was filtered using 125 jim cellulose diacetate (Courtaulds 
Speciality Plastics, Derby, UK) that removed wavelengths less than 280 nm that do not 
occur at the Earth's surface. The lamp emitted additional visible light as well as UV 
light but the proportional enhancement of the UV was greater than for visible light. 
The net CH3Br emissions measured during the experiment are shown in Figure 5-26 
(chambers Ui and U2 are filled and unfilled light green points, respectively). The first 
point, in each connected pair, shows the net CH 3Br emissions from a "normal" enclosure 
(in the morning as described in Chapter 3) just before exposure to additional light and 
the second point from an enclosure directly after exposure to additional light for 1 hour. 
The emissions increased after exposure, however it was not clear if the increase was 
more than expected at that time of the day due to the natural diurnal cycle (Chapter 3). 
Hence for reference the diurnal cycle of net CH 3Br emissions measured on 3rd May 
2006 for chambers Ui, U2, L5 and L6 is also plotted in Figure 5-26. The points 
measured on 25th May were slightly higher than on 3rd May but any effect due to the 
additional light could not be clearly identified. 
Therefore the experiment was repeated on 31St May in the afternoon when emissions 
due to the natural diurnal cycle would normally be decreasing with time (Chapter 3). 
This time chambers Ui, U2, L5 and L6 were exposed to one lamp each for one hour 
prior to enclosure. The day was also classified as broken clouds and sunny spells with 
light wind therefore weather conditions were comparable to the 25 May when the first 
experiment was conducted. 
The results are shown in Figure 5-26 (chambers Ul and U2 are filled and unfilled dark 
green points, respectively and chambers L5 and L6 are filled and unfilled light blue 
points, respectively). The first point in each connected pair shows the net CH 3 Br 
emissions from the chambers before additional light exposure and the second point 
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Figure 5-26: Net CH 3Br emissions, measured when salt marsh field chambers U1&U2 and L5&L6 
were exposed to additional light for –1 h prior to enclosure. Light green points show measurements 
in the morning, darker green and light blue point show measurements in the afternoon, before and 
after additional light exposure. The diurnal cycle measured this time of the year (May 2006) is 
labelled UI, U2, L5, L6 for chambers. 
Net CH3Br emissions from chambers UI, U2 and L5 decreased after light exposure and 
again it could not be identified if emissions decreased less than normal at this time of the 
day. However, emissions from chamber L6 increased after exposure to additional light 
in contrast to the normal pattern of a diurnal cycle. It is not clear why one chamber 
behaved differently than the others. One possible explanation is that different plant 
species in the chambers might respond differently to light. Perhaps one small lamp was 
not powerful enough to illuminate a whole chamber so the expected response could not 
be observed. 
In summary, from the experiments with field chambers, an effect of exposure to 
additional light on net CH 3 13r emissions could not be clearly determined. Therefore 
additional experiments in the laboratory were carried out in which soil cores were 
exposed to a higher intensity of UV (and visible) light (see section 5.6.2). 
5.6.2 Exposure of soil cores to additional UV and visible light 
A vegetated soil core was taken on 18th July 2006 at the salt marsh in close proximity to 
chamber pair L5&L6 and brought back to the laboratory for experiments with additional 
UV and visible light application. The soil core was placed in the enclosure container and 
182 
Chapter 5 
the background net CH 3 Br emission determined at 300 ng m 2 h* Subsequently the core 
was exposed to additional light by placing two lamps (of the type described earlier in 
this section) above the enclosure container. UV application to the enclosure container 
only showed no effect, there was no CH 313r emission or uptake from the container alone. 
In a first set of experiments the lamps were covered with a lid which filtered out most of 
the UV light and therefore resulted in an enhancement in visible light only. In a second 
set of experiments the lid was removed and the proportional enhancement of UV was 
greater than visible light. The experiments were carried out in the laboratory where the 
background UV level was very low since no direct sunlight was present. At first the core 
was exposed to increased visible light only for 30 min and 60 min respectively. The core 
was then exposed to additional UV and visible light for 30 mm, 45 min and 60 mm. In 
all these experiments the UV lamps were removed for the actual enclosure of 5 mm. 
Another experiment was performed only placing the UV lamps inside the container 
during the enclosure time of 5 min and not prior to enclosure. The net CH 313r emissions 


















ack9rcund 30 min light 60 min light 30 min UV 45 min UV 60 min UV 	UV in 
enclosure 
Figure 5-27: Net CH3Br emissions from a vegetated soil core exposed to additional visible and UV 
light for different periods of time. The left-hand bar represents the background emissions of the 
vegetated soil core before exposure to additional light. 
For a second series of experiments the above ground vegetation was removed from the 
soil core and the background net CH 3 Br flux measured from the bare soil at -300 ng m 2 
h. This soil-only core was then exposed to additional UV light for 30 min and 60 mm 
Chapter 5 
as for the vegetated core (Figure 5-28). The shorter exposure reduced the net uptake by 
—15% and the longer one by —75%. 
Net fluxes of CH313r from both soil cores increased after additional light exposure 
(Figure 5-27 and Figure 5-28). Although the emissions increased when the vegetated 
core was exposed to additional light only the increase was smaller than after exposure to 
more UV light. The non-vegetated core showed no positive net CH313r fluxes, only a net 
uptake. Exposing this bare soil to additional UV light resulted in lower net uptake 
(Figure 5-28). Thus a noticeable effect of additional visible and UV light on CH3Br 
emissions was apparent for both vegetated and non-vegetated soil cores. The results 
support the concept that an active soil microfauna (mainly bacteria) is consuming 
CH3 Br. 
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Figure 5-28: Net CHBr emissions from a non-vegetated soil core exposed to additional UV light for 
different periods of time. The left-hand bar represents the background net emissions of the non-
vegetated soil core before exposure to additional light. 
5.7 Experiments to assess CH 3Br uptake by soil cores 
Degradation of CH3Br in soil has been studied in a number of cases at high 
concentrations during agricultural fumigation (e.g. Miller et al., 1997, Hines et al., 
1998) and at lower concentrations (Varner at al., 1999a, Hines et al., 1998). CH313r 
uptake is mainly attributed to soil bacteria (Hines et al., 1998), especially at closer to 
ambient concentrations, but chemical degradation is also known to take place in soils 
(Miller et al., 2004). 
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Hines et al. (1998) found that CH313r can be consumed by whole cells and cell extracts 
of methanotrophic bacteria and that the process is coupled to 02 consumption. Several 
studies report a relationship between environmental factors such as temperature, soil 
moisture content and/or organic matter with uptake dynamics (Gan et al., 1994; Rice et 
al. 1996). Furthermore, Duddleston et al. (2000) found methanotrophic and NH3-
oxidising bacteria (Nitrosomonas europea) to degrade CH 3 13r, and CH 3 Br oxidation 
might be sensitive to soil water content (small changes had a profound effect on CH 3 13r 
uptake by a forest soil). 
The potential of salt marsh and woodland soil to uptake CH 3 Br at elevated ambient 
concentrations was tested in experiments here by applying a small amount of CH3Br 
standard to vegetated and non-vegetated soil cores. To do so, soil cores from salt marsh 
(taken on 18th July 2006 in close proximity to chamber pair L5&L6) and woodland 
(taken on 21St July 2006 in proximity to long-term chamber 134) were placed into an 
enclosure container as usual, sealed with the airtight lid and 2 mL or 15 mL of 500 ppbv 
CH3Br standard in nitrogen was then injected through the three-way-tap into the 
container to elevate the initial concentration of CH3Br in the headspace to about 
160 pptv and 1100 pptv, respectively. These values were chosen so as to elevate the 
concentrations above ambient concentrations while still keeping them in the pptv range. 
Headspace samples were removed from the enclosure after 1, 2 and 5 min and the three-
way-tap was closed again after each sample was taken. The headspace sample volume 
was kept at a minimum of just over the 100 mL needed for GC analysis in order not to 
change the pressure in the container significantly. The container was tested for CH 3 13r 
uptake by injecting 2 mL of standard into an empty container containing an empty soil 
cylinder which showed about the same concentration at each time (1, 2 and 5 mm). It 
was therefore concluded that the container and cylinder did not take up CH3Br to any 
significant degree. 
Figure 5-29 shows the CH 3Br concentration of the headspace when the experiment was 
conducted using a vegetated salt marsh soil core. The unfilled circles and dashed line are 
the results for 2 mL of 500 ppbv CH 3Br standard applied to the empty container to 
determine if CH3Br uptake by experimental material mattered. The black squares and 
triangles are the results of CH 3Br addition in presence of the soil core. Subsequently the 
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above-ground vegetation was removed from that soil core and the experiments repeated 
with the bare soil (Figure 5-30). The black diamonds in each figure show the 
background net CH3Br concentration of the core in the container after 5 min of a normal 
enclosure before application of additional CH 3Br. A background concentration of 
10 pptv above ambient laboratory air corresponding to a net flux of-200 ng m 2 h- 1 was 
measured for the vegetated salt marsh core while a concentration of -18 pptv below 
ambient laboratory air, corresponding to a net flux of -300 ng m 2 h was measured for 
the non-vegetated salt marsh core. However, the uncertainties in obtaining the peak area 
for the -18 pptv value were quite high due to a very small measured peak area. 
Injecting 2 mL or 15 mL of 500 ppbv CH 3Br standard to an enclosure container 
containing a vegetated salt marsh soil core resulted in declining CH 3Br concentrations 
over time (Figure 5-29). Injecting standard (2 mL or 15 mL) into a container containing 
a non-vegetated salt marsh soil core also resulted in declining concentrations over time 
but in general lower headspace concentrations of CH3Br were measured from the non-
vegetated soil core (Figure 5-30). 
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Figure 5-30: Concentration of CH 3Br in the headspace of a container with a non-vegetated salt 
marsh soil core. 
In the experiment with the vegetated soil core the concentration measured after 1 mm 
was higher than expected after the calculation of the headspace concentration to which 
the level should have been elevated after injection of the standard. The reason for this 
might be that the standard was not properly mixed in the entire headspace after only 
1 min since the standard was injected from the top, where the headspace sample was 
also drawn out. The measured concentration was a combination between potential 
CH313r uptake and production by the vegetated core. 
Figure 5-31 shows the concentration of CH3Br in the headspace of the enclosure 
container containing a woodland soil core which was naturally non-vegetated. 
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Figure 5-31: Concentration of CH 3Br in the headspace of a container with a naturally non-vegetated 
woodland soil core 
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Similar to the results obtained by enclosing a salt-marsh soil core and injecting CH313r 
standard, the concentrations decreased over time when both 2 mL or 15 mL of 500 ppbv 
CH3Br standard were injected (Figure 5-3 1). 
Therefore in all experiments CH3Br concentration declined over time after injection of 
CH3 Br to the enclosure. Generally the CH 3 13r concentration declined more between 1 
and 2 min of enclosure than between 2 and 5 mm. Measured CH3Br headspace 
concentrations were lower when the woodland soil core was enclosed than when the salt 
marsh soil (vegetated and non-vegetated) was enclosed. This may be the result of a 
faster CH 3 Br uptake of the woodland soil over the first minute. 
These experiments show clearly that soil (with and without vegetation) is capable of 
uptaking CH3 Br when artificially adding CH313r. Therefore generally positive CH 313r net 
fluxes measured throughout this project for long-term field monitoring and 
laboratory/greenhouse experiments are merely net emissions, meaning that the 
emissions outweigh the uptake or the emission rate is greater than the uptake rate. 
The experiments conducted here were comparable with those conducted by Varner et 
al., (1999a), who injected CH3Br to a mixing ratio of 4 ppbv, which is lower than 
fumigant concentrations but still considerably higher than the concentrations chosen 
here. Varner et al., (1999a) found that the rate of uptake is dependent on soil physical 
properties but further work on this matter is needed. Hines et al. (1998) reported that 
CH3 13r was consumed rapidly (from 1000 pptv to 100 pptv in 10 mm) especially in 
forest soil but also by grassy lawn and corn field soils. The range of uptake amounts 
noticed in experiments conducted in this study was comparable to that range. However, 
the experiments conducted here were only simple ones to investigate whether uptake can 
take place, without investigating factors that might influence the processes. 
5.8 Abiotic production of CH3Br 
It has been suggested that there is also an abiotic pathway for the production of methyl 
halides. Production of methyl halides from abiotic oxidation of organic matter in the 
presence of halides and Fenton-type catalytic chemistry involving iron has been 
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demonstrated by Keppler et al. (2000, 2002), although rates might be smaller than from 
biological production. 
A Fenton-type redox reaction with Fe(Ill) (to be reduced), an oxidising agent such as 
H202, a halogen donor (for example NaBr), and guaiacol (2-methoxyphenol) as a soil 
model substance delivering methyl groups, should produce methyl halides. To examine 
whether CH 313r could be produced from a reaction like this, as suggested in Keppler et 
al. (2000, 2002) 2 mM guaiacol, 10 mM NaBr, 10 mM Fe2(SO 4)3 and 10 mM H202 were 
mixed in 500 mL ultrapure de-ionised water in a 2-L conical flask fitted with a three-
way-tap in the lid for easy gas sample removal. The mixture was then stirred for one 
hour on a magnetic stirrer. Headspace samples were subsequently removed with a 60-
mL syringe and directly injected into the GC-pre-concentration system for CH 3 13r 
analysis. 
The experiment was repeated with varying amounts of NaBr (from 0 to 10 mM) and the 
concentrations of CH 3Br measured in the headspace are shown in Figure 5-32. There 
was a linear positive relationship between NaBr concentration in the mixture and CH 3Br 
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Figure 5-32: CH 3Br concentration in the headspace in relation to the amount of NaBr used. 
The measured CH3Br concentrations were directly proportional to the Br - in solution. 
However, if measured concentration is converted from pptv into mol CH 313r only very 
small amounts of CH3Br were produced by the reaction. 400 pptv CH3Br accumulated in 
the 1.5 L headspace of the flask within I h corresponds to 22 pmol, meaning that 
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5 mmol NaBr resulted in a production of only 22 pmol CH 313r (i.e. 108  order of 
magnitude difference in amount). In contrast, the experiments with soil cores, for 
example dosing with NaBr to 20 times soil background Bf using 2.26 g (corresponding 
to 0.022 mol added Bf), yielded net emissions of up to 20,000 ng m 2 W', corresponding 
to 350 pmol CH3Br emitted from the soil core in the 5 min of enclosure. The range 
commonly measured in soil core experiments after NaBr dosing was 5000 - 15,000 ng 
M-2  h', corresponding to yields of 90 - 270 pmol CH3Br from a soil core in 5 mm. In 
summary, in the abiotic experiments adding 5 mmol Br resulted in a production of 
22 pmol in I h, while in the biotic experiments adding 22 mmol Br - resulted in a 
production of 350 pmol in 5 min or 4200 pmol in 1 h. Therefore the production rate in 
the biotic system (vegetated soil core) was about 50x higher than from the abiotic 
mixture. However, in both cases the production was very small compared to the added 
amount of Br. 
The results from this work agree with Keppler et at. (2000) who found increasing CH 3 13r 
production with increasing Br concentration in their experiments but the relationship 
was not linear and their maximum yield was about 100 pmol per flask (flask headspace 
only 20 mL). The rates from their work on abiotic processes were also smaller than from 
biological production. 
To investigate the effect of a single component, different mixtures were then prepared 
leaving each one of the substances out of the mixture in turn. The results are shown in 
Figure 5-33. The experiments described above showed that no CH 313r was produced if 
NaBr was absent. However, some CH3Br was still produced when either ferric sulphate 
(Fe2(SO4)3) or hydrogen peroxide (H202) were left out of the mixture. Without guaiacol 
the concentration of CH 3Br in the headspace was even higher than with all other 








U I 200 1 100 0 
no Guaiacol 	no H202 	no Fe2(SO4)3 	no NaBr 
Figure 5-33: CH 3Br concentrations in the headspace when one compound was left out of the 
mixture. 
To investigate this further, guaiacol plus one of the other compounds were then left out 
of the mixture in pairs and the concentrations of CH 3 Br measured in the headspace are 
shown in Figure 5-34. Concentrations were always lower than with all compounds 
present in the mixture but if only guaiacol was left out concentrations were considerably 
higher. To try and explain this unexpected result more experiments were carried out 














no 	no G & 	no G & 	no G & 	blank 	all present 
Guaiacol 	11202 	Fe2(SO4)3 	NaBr (1120) 
Figure 5-34: CH 3Br concentrations in the headspace when Gualacol and one other compound were 
left out of the mixture. 
The results of all experiments conducted with varying concentrations of guaiacol are 
shown in Figure 5-35. There was no clear relationship between the concentration of 
guaiacol present in the mixture and the amount of CH3Br produced. To investigate 
whether light could have affected the impact of guaiacol on CH3Br concentrations, a 
mixture without guaiacol was stirred in the dark. It resulted in lower concentrations of 
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CH3Br in the headspace (137 pptv) than from the mixtures stirred in the light 
(-400 pptv). 
No plausible explanation could be offered for the higher CH 313r concentration measured 
in the headspace from mixtures without guaiacol than mixtures including guaiacol. Since 
the highest measured CH3Br emission from these abiotic experiments was 1200 pptv 
within I h in the flask headspace of 1.5 L which corresponds to only 75 pmol CH3Br, 
the emissions of CH313r were still quite small and only a few methyl groups would be 
needed for the release of CH313r. Even though ultrapure de-ionised water was used for 
the experiments there might still have been traces of organic compounds in it, enough to 
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Figure 5-35: Summary of all the CH 3Br concentrations measured in the headspace with varying 
amounts of guaiacol in the mixture. 
There appeared to be no relationship between the amount of guaiacol in the mixture and 
CH 3 Br concentration in the headspace. Only 13 mixtures with different amounts of 
guaiacol were measured and only 2 outliers showed very high CH3Br concentration in 
the headspace when no guaiacol was present in the mixture. Therefore these results were 
probably due to contamination. 
These experiments clearly confirmed that an abiotic pathway of CH313r production exists 
and that the amount of bromide present appears to be an important control on the 
magnitude of emissions. This is in good agreement with the results of various soil core 
experiments which clearly showed higher CH3Br emissions after artificially increasing 
the soil bromide content (Sections 5.3.1, 5.3.3 and 5.4.1). The magnitude of abiotically 
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produced CH 3Br emissions appears to be -50x smaller than biotically produced CH 3 Br. 
In experiments with "sterile" soil positive net CH 313r emissions were still measured 
(Sections 5.4.3 and 5.4.4) which also indicated the involvement of abiotic processes in 
CH3Br production. 
5.9 Meta-analysis 
The previously described experiments with soil cores indicated that there might be a 
relationship between measured net CH 3Br emissions and soil or air temperature. To 
investigate the direct influence of temperature or NaBr dose further, the results of all 
experiments are here combined. Figure 5-36 and Figure 5-37 show the relationship 
between net CH3Br emissions and soil core and air temperature, respectively, for all soil 
cores from the soil core experiments, while Figure 5-38 and Figure 5-39 show the same 
for the control cores (normally dosed with de-ionised water) only, to exclude any 
potential combined effect of increased soil bromide concentration and temperature on 
CH3 Br emissions. 
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Figure 5-36: Relationship between soil core temperature and net CH 313r emissions from all soil 
cores from all experiments with soil cores from the salt marsh (sm) which were vegetated unless 


















• 20xNaBrwi 	 • U 
a 20x NaBr sm soil 
ariuoioucsm 	 S • 
anlibioticwl • 	• S. • 
£ 	 . • 
£ 	 S • . 	• • •: • 
S • •' . • 	I 
5Z . • • £ 
£ 	 .• S.. 
• 	43; 	• • ••.I 
•• :. • . 	
I 	• 
U 
10 	15 	20 	25 	30 	35 
air temperature (°C) 
Figure 5-37: Relationship between air temperature and net CH 3Br emissions from all soil cores 
from all experiments with soil cores from the salt marsh (sm) which were vegetated unless stated 
that it was soil and woodland (wl) which were naturally non-vegetated. 
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Figure 5-38: Relationship between soil core temperature and net CH 3Br emissions from all control 
soil cores, dosed with de-ionised water only, from all experiments with soil cores from the salt marsh 
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Figure 5-39: Relationship between air temperature and net CH 3Br emissions from all control soil 
cores, dosed with de-ionised water only, from all experiments with soil cores from the salt marsh 
(Sm) which were vegetated unless stated that it was soil and woodland (WI) which were naturally 
non-vegetated. 
There was no direct relationship between soil or air temperature and net CH 3Br 
emissions. High net emissions occurred in combination with high soil and air 
temperatures as well as lower soil and air temperatures. This finding agrees with results 
from the long-term monitoring (Chapters 3 and 4) where soil and air temperatures also 
had no or only little influence on chamber CH 313r emissions. The higher CH3Br 
emissions around 20 °C coincided with the greater number of measurements conducted 
at that temperature. The obvious difference found in the experiment described in Section 
5.3.2, where net CH 3Br emissions from soil cores stored in the greenhouse were higher 
than from soil cores stored in the laboratory, might therefore be due to other 
environmental factors, possibly light. The soil cores in the greenhouse experienced 
direct sunlight whereas the cores in the laboratory did not. 
In experiments with unvegetated soil cores (e.g. Section 5.4.4), the influence of 
temperature on net CH3Br emissions was quite distinct. Therefore soil microbial 
processes might be more temperature-sensitive while plant-related processes are less 
temperature-sensitive but more influenced by light. 
Figure 5-40 shows the relationship between net CH 3 Br emissions from vegetated and 
non-vegetated salt marsh and woodland soil cores and saltwater or NaBr dose which 
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resulted in an elevated soil Br level between 10 and 75 times the soil background Br 
concentration. No clear dose response could be identified. Maximum net CH 3 13r 
emissions did not occur with the highest NaBr dose. That indicates there might be a 
threshold of soil Br-  concentration after which net CH313r emissions do not increase. 
However, this threshold could be below the 10 times background concentration but 
would possibly be above the concentration of seawater. Highest CH 313r emissions were 
measured after a dose to 20 times soil background Br - but the spread of high and lower 
emissions is similar for all tested doses. Seawater resulted in only a small increase in 
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Figure 5-40: Relationship between NaBr dose (in Br times background soil Br concentration) and 
net CHBr emissions from soil cores (from salt marsh (Sm) which were vegetated unless stated that 
it was soil and woodland (WI) which were naturally non-vegetated) which were dosed with seawater 
or NaBr. 
5.10 Conclusions 
A number of experiments (Sections 5.3.1, 5.3.3, 5.4.1, and 5.4.4) showed that the 
amount of bromide present was an important control on the amount of CH 3 13r released: 
net emissions increased when more Br was present. This was the case for vegetated and 
non-vegetated salt marsh soil cores and woodland soil cores as well as for abiotic 
mixtures. However, there appears to be a threshold of soil Br - concentration above 
which net CH313r emissions do not increase. Highest net CH 313r emissions were 
measured after artificially increasing the soil Br concentration to a level of 20 times 
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background soil Br- but the threshold is believed to be lower than 10 times the soil 
background Br-. Even woodland soil which has only small or negative net CH 3 Br 
emissions in the field was capable of producing CH 3Br in larger quantities after 
artificially elevating the soil bromide content (Section 5.4.1). Also, when the activity of 
soil microbacteria or fungi was inhibited, elevated net emissions were measured after 
additional bromide was applied. There appeared to be a positive linear relationship 
between bromide concentration in an abiotic mixture and CH3Br concentration 
produced. However, the quantities of CH3Br released from biotic processes appeared to 
be -'50x higher than from abiotic processes. However biotic processes might also be 
more efficient if the threshold for soil Br in the soil is a lot lower than tested in the 
experiments in this work. Results here strongly suggested that the amount of bromide 
present in the soil plays a key role in processes leading to net CH 313r emissions, whether 
of biological or abiotic origin. 
In contrast, soil moisture seemed to have only a small effect on emissions, of a similar 
magnitude to seawater. The application of seawater showed only little effect on net 
CH3Br emissions despite its Br- content. The addition of seawater to salt marsh soil 
cores increased the soil bromide content only marginally. 
Net CH 3 13r emissions appeared to be the result of biological processes involving 
vegetation and micro-organisms as well as via a potential abiotic pathway. However, 
processes associated with the vegetation seemed to account for the majority of net 
emissions. This was shown by the strong decrease in emissions after removing the 
vegetation from field chambers (Section 5.5) as well as soil cores (Sections 5.3.1, 5.3.2 
and 5.3.3). In a number of cases net emissions from bare soil were even negative, 
meaning that uptake was taking place or uptake processes were outweighing emission 
processes. Some soil bacteria might be primarily responsible for CH3Br uptake in soils 
(Sections 5.4.3 and 5.4.4). Net emissions occurring from soil only (especially after 
artificially increasing the soil bromide content) were from the top -5 cm (Sections 5.3.1 
and 5.3.2). 
There appeared to be a rather strong relationship between CH 3 Br emissions and the 
amount of light available to the vegetation. Experiments carried out in the field and 
laboratory with chambers and soil cores showed elevated emissions after exposure to 
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additional UV and visible light (Sections 5.6.1.2 and 5.6.2) and decreased emissions 
after a period of shading (Section 5.6.1.1). This was in good agreement with the long-
term monitoring results from the field chambers at the salt marsh, which also showed 
higher emissions on sunny days and days with sunny periods than on overcast or 
precipitating days (Drewer et al. 2006; Chapter 3). This effect appeared to be mainly 
related to the vegetation since emissions from bare soil showed only little response to 
additional UV light and shading. 
It has also been shown that salt marsh soil with and without vegetation, as well as 
woodland soil, was capable of taking up CH3Br (Section 5.7). So all net CH 3Br fluxes 
measured throughout this work are merely net fluxes, meaning that production and 
uptake processes are taking place simultaneously or that the system can switch from 
CH3 Br production to uptake. 
The relationship between temperature and CH 3 Br emissions appeared to be only quite 
modest, especially if vegetation was present. Although in a number of experiments the 
emissions from soil cores stored in the unheated greenhouse (with often higher 
temperatures) in general seemed to be higher than from soil cores kept in the laboratory, 
this may be the result of the exposure to direct sunlight in the greenhouse (which did not 
happen in the laboratory) rather than the temperature itself If no vegetation was present, 
the influence of temperature on CH 3 Br emissions appeared to be greater (Section 5.4.4), 
indicating that soil microbial processes might be more temperature-sensitive. 
These results suggest that processes associated with vegetation are the dominant source 
of CH3 Br emissions rather than processes associated with soil bacteria or fungi or of 
abiotic origin. 
5.10.1 Conceptual model 
A conceptual model of controls on CH 3Br emission is described here using information 
obtained from results in this and previous chapters as well as suggestions published 
previously in the literature. Figure 5-41 illustrates the conceptual model with 
superscripts referring to the source of the information: this work, previously published 
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Figure 5-41: Conceptual model of controls on CH 3Br flux. With: ' Redeker el at (2004a), 2  This 
work, 3  Dimmer et at (2001), " Keppler el at (2000), 5 Harper et at (2000), 6  Hypothesis. 
Clearly the majority of measured CH313r emissions result from vegetation or specifically 
from processes associated with vegetation. Therefore vegetation dominates all occurring 
CH313r fluxes. This work showed that these processes are strongly controlled by the 
influence of light (sunlight) and therefore they are likely to be associated with 
photosynthetic processes. These processes are not temperature-sensitive, possibly 
because processes like the growth stage of the plants are already indirectly driven by the 
temperature. So temperature alone does not control CH 313r emissions from vegetation 
which has also been found by Redeker et al. (2002). Previous work suggested that the 
CH313r flux from higher plants results as by-product from metabolic processes (Redeker 
et al., 2004a). The theory that CH3Br is produced as metabolic by-product appears to be 
wider accepted than the hypothesis that it has a metabolic purpose. The available 
bromide, e.g. in the soil seems to be important for all processes, as discussed previously. 
Nevertheless, the vegetation is not solely responsible for CH 313r emissions. After 
vegetation removal there were still positive CH3Br emissions but substantially smaller. 
These CH3Br emissions most likely occur from processes in the soil. This work shows 
that abiotic processes can lead to CH313r emissions but the yield is —50x lower than from 
biotic processes. As Keppler et al. (2000) suggested and was also confirmed in this 
work, these processes appear to take place in vitro as solely chemical processes. 
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Soil bacteria can possibly also produce CH313r, however, aerobic bacterial processes 
appear to be mainly responsible for CH 313r uptake as also demonstrated by Hines et al. 
(1998). The hypothesis that soil bacteria use CH313r for energy acquisition when they are 
taking up CH313r suggests itself. On the other hand, when bacteria are producing CH 313r 
this might hypothetically be a consequence of metabolic processes and CH313r resulting 
as a by-product. Higher plants may also influence the emission of halocarbons from soils 
by providing substrates in the form of root exudates or root autolysis products to the 
anaerobic food chain and ultimately to microorganisms responsible for the production of 
halocarbons (Dimmer et al., 2001). 
Abiotic and microbial processes are temperature-sensitive but contribute considerably 
less to the total CH313r emissions. Since bacteria appear to be able to take up CH 313r as 
well as produce it, the proportions of each of these processes or the conditions under 
which they occur are not yet clear. The role of fungi on controlling CH 313r fluxes could 
not be resolved entirely. Experiments indicate that fungi might be involved in CH 3 13r 
production as already suggested by Redeker el al. (2004b) but the magnitude of the 
contribution of fungi would be very small or even negligible. Harper et al. (2000) 
introduced the concept of CH3C1 being produced as metabolic by-product. Therefore this 
may also be the case for CH313r. 
Additionally, Figure 5-42 illustrates the proportion of different ecosystem processes to 
the total CH313r flux, derived from results presented in this thesis. 
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Figure 5-42: Proportional contribution of the processes controlling the CH 3Br flux. The thickness of 
the arrows indicates the proportion of the contribution to the total flux. 
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There appear to be three main controlling factors over CH 3Br fluxes: 
the soil Br content which influences all processes involving plants, bacteria, fungi or 
abiotic ones, 
light which mainly drives plant-related processes and 
temperature which drives abiotic and microbial processes. 
However, there is still a lack of knowledge about the conditions under which the 
different processes occur. This work indicates that most processes leading to a positive 
CH3 Br flux occur under aerobic conditions. However, also the uptake by bacteria 
appears to take place under these conditions. This strongly suggests that uptake and 
production processes take place simultaneously, especially in terrestrial ecosystems, 
which further complicates the identification of processes influencing the CH3Br flux. 





6 	Global implications of measured CH 3Br fluxes 
6.1 Introduction 
As already discussed in Chapter 1, the global CH3Br budget is unbalanced, with current 
best estimates still indicating a global source shortfall for CH 3Br of -18 Gg y', 
corresponding to -10-15% of estimated annual flux (Yvon-Lewis et al., 2004). The 
consensus is that the global CH 313r budget lacks adequate identification and 
quantification of terrestrial sources, resulting from a missing source and/or because of 
uncertainties in quantification of the existing known sources and sinks. In many 
instances, global estimates of CH 3 13r fluxes are based on only a single study of a source 
(the majority conducted in the USA) and inevitably the uncertainty range is enormous. 
If a study is conducted in only one region it might not necessarily be representative for 
that type of ecosystem globally. Scaling up only a few measurements to an annual mean 
flux of CH313r also contributes to uncertainties because temporal variation in fluxes may 
not be detected, resulting in a biased estimate. 
Models are an important tool to better understand the global methyl halide budget and 
predict possible future fluxes as well as their response to global climate change and 
land-use change. Field data are important as inputs into models and for validation of, 
for example, global atmospheric transport or chemistry models. However, it is quite 
difficult to scale-up measured field data from sites to whole ecosystems and to 
parameterise them, especially if the variability is quite large even at one monitored site. 
Estimates of global areas for different ecosystems are sparse, dated and uncertain, 
contributing further to the already large uncertainties in emission estimates. 
Models such as the global three-dimensional chemical transport model of Warwick et 
al. (2006), are used to determine and evaluate possible missing surface sources which 
are required to balance the atmospheric budget of CH313r. Factors such as geographical 
distribution of CH 3Br sources, seasonal cycles of CH 3 Br emissions, additional 
vegetation or biomass burning as sources of CH 3 13r are varied in different scenarios to 
determine whether they are consistent with atmospheric observations of CH 3 Br mixing 
ratios. Lee-Taylor and Redeker (2005) modelled global methyl halide emissions from 
rice cultivation. They combined field-based emission rates with empirical expressions 
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describing the variations in emissions with environmental parameters such as 
temperature. Their model of annual methyl halide flux from rice cultivation had two 
components: the emission of methyl halide by rice (dependent on environmental 
conditions) and the distribution, seasonality and growing conditions of the global rice 
crop. Litter decomposition has also been investigated as a potential global source of 
methyl bromide, using modelling (Lee-Taylor and Holland, 2000). In a different 
modelling approach, Yoshida et al. (2006) used inverse modelling with the Bayesian 
least squares method to constrain the sources and sinks of atmospheric methyl chloride, 
using observations from seven surface stations and eight aircraft field experiments. 
All these modelling studies have limitations such as the limited number of experimental 
sites to validate the models. Also a number of assumptions have to be made about the 
variability of fluxes according to the geographical distribution or temporal variability. 
In this chapter measured CH 3 Br fluxes from temperate salt marsh and woodland 
ecosystems, including decaying woody and non-woody litter, were scaled-up globally 
and compared with flux estimates obtained from other studies reported in the literature. 
An attempt was then made to parameterise measured emissions and put them into a 
global context. 
6.2 Salt marsh CH 3Br emissions - comparison with other studies 
Despite the high spatial variability of measured net CH3Br emissions from a salt marsh 
in Scotland shown in this work, it is useful to compare the approximate magnitude of 
emissions with those previously reported. The unweighted mean and median measured 
daytime CH3Br emissions over one full year (February 2005 until February 2006) using 
all eight chambers (n = 324 measurements) were 350 and 190 ng m 2 h 1 , respectively. 
Emissions from two chambers regularly exceeded 600 ng m 2 h during the growing 
season (March to September), and the highest emission measured (in the middle of a 
day in July) reached 4000 ng m 2 h. 
These CH 3Br emission magnitudes are in the same general range as those reported from 
coastal marshes in Ireland (Dimmer et al., 2001) and Tasmania (Cox et al., 2004). A 
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summary of previous studies on CH3Br fluxes from salt marshes and this one is shown 
in Table 6-1. 
Table 6-1: Summary of studies of CH 3Br flux measurements conducted at salt marshes 
Author 	Location 	 Type of study 	CH3Br flux 	CH3Br 	Number of 
estimate flux in measurements 
(annual 	mg M -2  Y -1  
mean) 
Rhew et 	Southern California Dark static flux 	0.01-29 	0.1-1400 	36 
al. 	32047'N, 	 chamber 	 11mol m 2 d' 
(2000) 	1170 13'w 
32-58'N,  
117 0 15'W 
Dimmer Ireland 
et al. 	(53°19'N, 9 054'W) 
(2001) 
Cox et Tasmania 
al. (41°S, 145°E) 
(2004) 
Manley Southern California 
et al. 33 039'N, 
(2006) 117 053'W 
64 
This 	Scotland 	 Static flux 	385 (163-965) 3(l.4-8.5) 	383 
work 56000'N, 2035'W 	chamber ng m 2 h' 
measurements at a 
salt marsh 
for the whole measurement period (February 2005 until August 2006) 
Although Dimmer et al. (2001) did not detail individual flux measurements, they 
reported a mean daytime flux of 28 (range 8-44) x 10-4g m 2 y' (based on 26 
measurements), which corresponds to an average daytime flux of 320 (range 90-500) ng 
M-2 h'. The average daytime flux reported by Cox et al. (2004) in Tasmania was 190 
(range 27-470) ng m 2 h', derived from 10 individual measurements. In contrast, the 
global annual salt marsh CH 3 Br flux quoted by Rhew et al. (2000) corresponds to an 
average emission flux of 4200 ng m 2 h' for the Californian salt marsh on which their 
annual estimate is derived. This flux is about an order of magnitude larger than from 
measurements in this study and those of Dimmer et al. (2001) and Cox et al. (2004), 
and may reflect the higher temperatures and solar flux at their location. 









However, the range of flux measurements (n = 36) reported by Rhew et al. (2000) was 
very large (between 13 and 160,000 ng m 2  h') and it is not clear how this variability 
was handled in the scale-up. Many of their reported individual emission measurements 
were of the order of a few hundred ng m 2  h' and thus comparable to those reported 
here. It is possible, therefore, that the global CH313r emission estimate for salt marshes 
provided by Rhew et al. (2000) reflects an upper limit. In a recent study by Manley et 
al. (2006), CH3Br emission estimates from another Californian salt marsh were reported 
to be 21 mg m 2  y' using  flux estimates from vegetated and bare sediment areas and 24 
mg m 2  Y_ I using flux estimates from vegetated areas only, corresponding to 2400 and 
2750 ng m 2 h_ i ; these values are lower than the estimate given by Rhew et al. (2000) 
but still considerably larger than the emission estimates from all other reported studies. 
Manley et al. (2006) enclosed single plant species only, not mixed vegetation, and the 
sampling frequency was greater than that reported by Rhew et al. (2000) and covered an 
entire year or more (the number of sampling occasions is not stated). 
Crudely scaling up the annual mean CH 3Br emission of 350 ng m 2 h' from this work to 
a global salt marsh area (including mangroves) of 0.38 x 1012 m2 (Woodwell et al., 
1973) yields an estimate for global emission of 1 Gg y 1 . This area includes mangroves 
although in the global CH3Br emissions literature the area is usually used for salt 
marshes only. To account for variability in the measurements reported here, scaling up 
the annual means of the lowest and highest emitting of the eight chambers yields a 
range in estimated global emission of 0.5 to 3 Gg y. The mean global CH 3 Br emission 
from salt marshes from this research is -40% of the Rhew et al. (2000) global salt 
marsh emission estimate usually quoted in the methyl bromide literature. However, the 
global estimate from this study represents a full annual cycle of measurements and 
should therefore provide a better estimate of annual emissions than estimates that are 
based on short-term measurements and use weighting to assess seasonal variability in 
emissions. 
The recent study by Manley et al. (2006) refines the mean annual global CH 3 13r 
emissions of 10 Gg y estimated by Rhew et al. (2000) slightly downwards to 8 Gg y 1 , 
which is still a considerably higher estimate of global salt marsh emissions compared to 
the results reported here. If only vegetated salt marsh areas are considered, the global 
annual CH 3 Br emission estimate by Manley et al. (2006) increases to 24 Gg y' which 
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exceeds the one given by Rhew et al. (2000) by 1.7 times. Since the global annual 
CH3Br emission estimates from Tasmania and Ireland were in the same range as the one 
estimated in this study from Scotland, and therefore much lower than the ones derived 
from measurements in California, this strongly suggests high global spatial variability 
in CH3 Br emissions from different latitudes and conditions. Moreover, using the 
Californian estimate only for budget calculations would probably result in an 
overestimate of global CH 3 Br emissions from salt marshes. To yield a better global 
CH3Br estimate for salt marshes, the estimate derived from California (Rhew et al., 
2000 and Manley et al., 2006) should be used for warmer climates and the remaining 
(Dimmer et al., 2001; Cox et al., 2004 and Drewer et al., 2006) for colder climates. To 
do so, the global salt marsh area needed to be divided into warmer and cooler latitudes. 
Manley et al. (2006) also stated that the estimate of global salt marsh area by Woodwell 
et al. (1973) is highly unreliable, with an error in the area of ±50%. A more recent work 
by Duarte et al. (2005) estimated global areas of 0.4 x 1012 m2 for salt marsh area and 
0.2 x 1012 m2 for global mangroves, an increase of >50% compared to the Woodwell et 
al. (1973) estimate which included salt marshes and mangroves. The new estimate of 
global salt marsh area (0.4 x 1012 m2) yields very similar global estimates of CH 3Br 
emissions for salt marshes as the Woodwell et al. (1973) figure of 0.38 x 1012 m2 for 
salt marshes and mangroves. 
6.3 Net CH3Br fluxes from temperate woodland - comparison with 
other studies 
As mentioned in Chapter 4, the majority of studies predict a net CH3Br uptake by 
temperate woodlands. A summary of previous studies on CH 3 Br fluxes from woodlands 
and this work is shown in Table 6-2. 
Varner et al. (2003) estimated a net uptake of CH 3 Br 2.2 ± 0.9 Gg Y- I while estimates 
by Shorter et al. (1995) and Serça et al. (1998) were an order of magnitude more. On 
the other hand, Dimmer et al. (2001) reported net CH 3 Br emissions from two conifer 
forests on peatlands in Ireland of 28 (3-63) and 6 (3-9) x 10-4g m2 Y-1 (based on 8 and 
6 measurements, respectively) corresponding to 320 (34-720) and 68 (34-103) ng m 2 
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h'. Lee-Taylor and Holland (2000) estimated from a modelling study that litter decay 
globally produced 1.7 (0.5- 5.2) Gg y'  CH313r due to wood-rotting fungi. They estimate 
litter decay as scenarios of litter decomposition of different fractions but divide litter 
only into woody (fine and coarse) and above-ground and below-ground non-woody 
litter. 
Table 6-2: Summary of studies of CH 3Br flux measurements conducted in woodlands 
Author 	Location 	 Type of study 	CH3Br flux estimate 	Number of 
(annual mean) 	measurements 
Shorter et al. Durham, New 	Laboratory and 	42±32 Gg y Not stated 
(1995) 	Hampshire field experiments 
(43 -08'N,  
7l°57'W) 
Serca et al. Denver, Colorado Static chamber -38+30 Gg y ' Not stated 




Lee-Taylor Modelling study 1.7(0.5-5.2) Gg y' 
and Holland using different 
(2000) litter decay 
scenarios 
Dimmer et Ireland Static chamber 28(3-65) 104g  m2  Y-1 8 
al. (2001) (53°19'N, 9°54'W) measurements at 6(3-9) I0 	g m 2 y 1 6 
two conifer forests 
on peat 
Varner et al. Durham, New Field enclosure 4.0 to 3.3 11g  m 2 d' 5 
(2003) Hampshire measurements in a 
(43°08'N, mixed deciduous 
71°57'W) conifer forest & 
laboratory soil 
incubations 
This work Scotland Field enclosures of 27 (17-33) ng m 2 h 1 164 




deciduous leaf litter 43 (-14-9) ng kg' h' 	22 
conifer needle litter 	55(15-120) ng kg' h' 12 
rotting wood 	16 ng kg' h' max 	 10 
for the whole measurement period (March 2005 until August 2006) 
It was not possible to find up-to-date estimates of the area of temperate woodlands or of 
global annual litter production. The majority of estimates quoted in the literature are 
quite old. However, to compare global annual estimates of net CH313r fluxes from 
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woodland derived from this research to studies previously reported in the literature, the 
areas of woodland and mass of litter production quoted in previous studies were used. 
6.3.1 Global net CH 3Br fluxes from temperate woodland 
Crudely scaling up annual measurements (March 2005 until March 2006) from the 
temperate woodland investigated here, assuming a global area of temperate forests of 
12.9 x 1012 m2 (Matthews, 1983), resulted in an average annual CH 3 13r flux of 2.7 Gg 
Y-1  derived from a measured mean chamber emission of 24 ng m 2 W. To account for 
variability, scaling up the annual means of the lowest and highest emitting of the four 
chambers (12 and 45 ng m 2 h', respectively) yields a range in estimated global 
emission of 1.3 to 5 Gg y- I  . This suggests a positive net CH3Br emission flux from 
temperate woodland ecosystems on an annual average. Even though the fluxes from the 
individual chambers were quite small, they result in a considerable global annual flux 
because of the larger global area of temperate woodlands, compared to salt marshes. 
Therefore the results from this study differ from previous studies which mainly 
predicted a net CH 3 Br uptake in woodland ecosystems. The frequency of sampling and 
overall number of measurements were higher in this study and might have picked up 
more positive fluxes than previous studies, since the variability appears to be quite high. 
Only the estimate for conifer forests on peatlands by Dimmer et al. (2001) was higher 
than fluxes measured in this work from deciduous woodland soil, possibly the result of 
the conifer plantation being located on peat. 
6.3.2 Global net CH3Br fluxes from decaying litter in temperate woodlands 
Global annual CH 3 Br fluxes from litter were calculated using an estimate for litter 
production reported by Lee-Taylor and Holland (2000) which was derived from direct 
measurements of above-ground litter compiled by Matthews (1997). Lee-Taylor and 
Holland (2000) reported a present-day global total mass of decaying litter of 22 Pg dry 
matter y' for non-woody litter and 11 Pg dry matter y' for coarse woody litter. Using 
these mass estimates and a factor of 2 to convert measured fresh mass of decaying litter 
in this work into dry mass, assuming the water content of the litter was about 50%, 
global annual CH 3Br production estimates were calculated. The net CH3Br fluxes 
measured from rotting wood were very small (Chapter 4, Section 4.6). Using the 
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maximum flux measured from rotting wood in this study (16 ng kg' fresh weight h'), 
results in a maximum global CH3Br production of only 0.8 Gg y' and would therefore 
not be a significant global flux compared to the total budget since most measured 
CH3Br fluxes from wood were smaller. This estimate is similar to the lower boundary 
of the emission range given by Lee-Taylor and Holland (2000) of 1.7 (0.5-5.2) Gg y'. 
However, the estimate from rotting wood derived from this work is an estimate for 
coarse woody litter only, whereas Lee-Taylor and Holland (2000) also included non-
woody litter in their final best estimate of global annual CH313r flux from litter. 
Using the mean, maximum and minimum net CH 3Br fluxes from deciduous leaf litter 
(Chapter 4, Section 4.7) measured in this study (43, 9 and -14 ng kg' fresh weight h', 
respectively) global annual CH 3Br production from deciduous leaf litter, assuming 50% 
of non-woody litter consists of deciduous leaf litter, is estimated to be 0.5 Gg y ' on 
average with 2 Gg y' maximum and -0.7 Gg y' minimum. These estimated global 
fluxes lie within the range of estimates of Lee-Taylor and Holland (2000) of 1.7(0.5-
5.2) Gg y 1 , although these workers did not report negative net emissions. Using the 
mean, maximum and minimum net CH 3 Br emissions measured from conifer needle 
litter (Chapter 4, Section 4.8) 55, 120 and 15 ng kg fresh weight h, respectively, 
assuming 50% of non-woody litter consists of coniferous needle litter, would result in a 
global annual CH3Br production from conifer needle litter of 2.7 Gg y' on average with 
5.8 Gg y maximum and 0.8 Gg y' minimum. This estimated CH3Br flux is higher than 
the range quoted by Lee-Taylor and Holland (2000). The higher flux from conifer 
needle litter agreed with the higher flux from a conifer forest reported by Dimmer et al. 
(2001). The mean of 55 ng kg h 1 from conifer needle litter corresponds to a flux of 
1000 ng m 2  h' when measured headspace concentration from the enclosure container 
was converted into a flux per unit area rather than mass of substrate. Since the depth of 
needle litter in the enclosure container was about twice as high as naturally on 
woodland ground, a flux of -500 ng m 2 h appears to be more realistic, which was in 
the same range as that reported by Dimmer et al. (2001). 
The estimate by Lee-Taylor and Holland (2000) assumed that the majority of global 
CH3Br fluxes from litter decay occurred from equatorial forests. They also assumed that 
net CH3Br flux from litter decay was due to fungal activity. However, in this research 
the origin of net CH 3 13r emissions from litter could not be resolved. Higher net CH 3 13r 
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emissions occurred from rotting wood with obvious fungal fruiting bodies but the 
measured fluxes were very small. It therefore cannot be concluded whether fungal 
activity was the cause of measured CH313r emissions from non-woody litter but it also 
cannot be excluded. Varner et al. (2003) stated that woodland and agricultural soils 
may be significant CH 3Br sinks but suggested that production can also exceed 
consumption in soils and that an abiotic mechanism during organic matter degradation 
and/or fungi associated with litter might be responsible for this CH 3Br production. 
All estimated annual net emissions derived from this work of deciduous woodland 
chambers, woody litter, deciduous leaf litter and conifer needles are summarised in 
Table 6-3. 
Table 6-3: Summary of estimated annual CH 3Br flux from different sources of temperate woodland 
ecosystems derived from this work 






Scale-up factor Source for scale-up 
Deciduous global area of temperate Matthews (1983) 
woodland chambers 2.7(1-3-5) forests 12.9 x 1012 m2 
Deciduous leaf litter 11 Pg dry matter y' for non- Lee-Taylor and Holland 
0.5 (-0.7-2) woody litter if ratio (2000) 
deciduous/coniferous 50:50 
Conifer needle litter 11 Pg dry matter y 1 for non- Lee-Taylor and Holland 
2.7 (0.8-5.8) woody litter if ratio (2000) 
deciduous/coniferous 50:50 
Rotting wood 11 Pg dry matter y 1 for Lee-Taylor and Holland 
0.8 max coarse woody litter (2000) 
The woodland chambers contained deciduous leaf litter but no woody litter. Therefore 
the estimate from woody litter would have to be added to the estimate from the 
deciduous woodland chambers to yield an estimate of the total contribution of 
temperate deciduous woodlands to the global CH313r budget. The value quoted here is a 
maximum value for rotting woody litter. Hence an estimate of -3 to 3.5 Gg y 1 as a 
mean annual CH 3Br flux from deciduous temperate woodlands appears to be 
appropriate. The estimate from conifer needle litter is in the same range with a higher 
maximum, suggesting that coniferous temperate woodlands contribute as much to the 
global CH3Br flux as deciduous temperate woodlands or even slightly more. The order 
of magnitude agrees well with the one calculated by Lee-Taylor and Holland (2000) 
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(Table 6-2). However, if their best estimate included the suggestion that the biggest 
contribution to this global mean flux would come from tropical regions, the estimate 
derived here from temperate regions only may actually have to be regarded as higher. 
The range of all estimates of global CH313r emissions derived here was quite wide and 
in the case of deciduous leaf litter even ranged from negative to positive net CH 3Br 
emissions. Uncertainties were quite large since not only are the global estimates of the 
litter mass and the area of temperate woodlands uncertain and far from accurate, but the 
litter enclosures and enclosures of woodland ground conducted in this study are only 
representative of one region. It is therefore important to obtain measurements of CH 3 13r 
fluxes from different regions to better understand the nature of spatial variability. 
On the other hand, the measurement of emissions from woodland soil using enclosure 
chambers from this study presents a full annual cycle of measurements which should 
provide a good estimate of mean annual CH 3Br fluxes without the need to weight 
results, especially because there was only little diurnal variation. Even though no clear 
seasonal pattern in net CH 3 Br fluxes could be identified from the measurements of 
woodland chambers, the variability should be accounted for by the number of 
measurements throughout one year. 
However, the enclosures of deciduous leaf litter, conifer needle litter and rotting wood 
were conducted on a limited number of occasions only. A greater number of enclosures 
carried out through more seasons would possibly give a better estimate of mean CH 3 Br 
emissions and variability. In summary, the calculated global annual mean emissions of 
CH3Br from a temperate woodland ecosystem, including decaying litter, appeared to be 
higher than from most studies reported in the literature. In particular clear positive net 
CH3Br emissions were measured from woodland soil which was believed in previous 
studies to be predominantly a sink for CH 3 13r. 
6.4 Parameterisatjon of CH 3Br fluxes 
It was quite difficult to attempt a parameterisation of net CH 3Br emissions between net 
CH3Br fluxes and the parameters measured in this study, namely air and soil 
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temperature, observations of sunshine level, water table depth and methane net 
emissions, because often no correlations or only modest relationships could be 
identified. The most promising parameter was solar flux which showed a clear positive 
correlation to diurnal CH 3Br emissions from the salt marsh. However, the solar flux 
was not measured directly but calculated as the theoretical maximum (clear-skies) total 
solar flux for this latitude and longitude and Julian Day and time of sampling. The 
profile of diurnal CH 3Br emissions from the high-emitting salt marsh chambers 
matched closely the profile of the calculated solar flux. Consequently, if light has a 
strong influence on CH 3Br emissions, it is likely that emissions in regions with higher 
light intensity and longer sunshine hours (e.g. tropical regions) will show higher CH 3Br 
emissions from vegetation. This agrees with observations and modelling studies that 
predict a "missing source" of CH 3Br, if it exists, in the tropical regions (Lee-Taylor et 
al., 1998, Yokouchi etal., 2000, Warwick et al., 2006). 
For a global scale-up the uncertainties associated with the global area of a particular 
ecosystem are probably as large as the uncertainty of the daily mean flux. In other 
studies, e.g. Manley et al. (2006), the possible diurnal pattern in CH 3Br emissions was 
not accounted for in a global annual scale-up. The long-term CH3Br measurements 
from chambers in the salt marsh here were always carried out at mid-morning before 
the mid-day peak. They should therefore give a good representation of a mean daily 
flux since CH3Br emissions were higher around midday and lower at night, while 
emissions in the afternoon were comparable to those measured in the morning. 
However, a substantial number of field measurements of net CH3Br fluxes is very 
important to account for spatial and seasonal variability and therefore to obtain the 
range of emissions around mean values. The enclosures of deciduous leaf litter and soil 
cores showed a tendency towards higher emissions with higher temperatures, indicating 
that at least some processes controlling CH3Br emissions might be temperature-
sensitive. However, no clear direct relationship between temperature and emissions 
could be determined. 
6.5 Conclusions 
Scaling up the net CH 3 Br fluxes from the investigated salt marsh gave a mean global 
CH3 Br emission of 1 (0.5 to 3) Gg y- 1,  only —10% of the Rhew et al. (2000) global salt 
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marsh emission estimate usually quoted in the methyl bromide literature. The 
discrepancy remains even after a revised estimate of CH3Br emissions from the same 
ecosystem as reported by Manley at al. (2006). However, the CH 3Br emission estimate 
derived here agreed with the magnitude of estimates reported from two other salt marsh 
studies (Dimmer et al., 2001 and Cox et al., 2004). This strongly suggests that the value 
given by Rhew et al. (2000) represents an over-estimate or upper limit and salt marshes 
therefore contribute less than previously believed to the global methyl bromide budget. 
Their estimate does not take into account that fluxes are higher in warmer climates and 
lower and cooler climates. So Rhew et al. (2000) report an estimate that is probably 
right for warmer climates but they incorrectly scaled up that value globally not taking 
into account that colder climates have lower emissions. 
The calculated annual mean net CH3Br emissions from the temperate woodland 
ecosystem investigated in this work, including decaying litter, was -3 to 3.5 Gg y', 
higher than that reported in most studies the literature. In particular, clear net CH 3 Br 
emissions were measured on average from woodland soil, believed in previous studies 
to be a CH3Br sink (Shorter et al., 1995, Serça et al., 1998 and Varner et al., 2003). 
Global CH 3 13r emission estimates from enclosed litter alone were in the same range as 
the annual CH313r production from woody and non-woody litter reported by Lee-Taylor 
and Holland (2000). Results from this work suggested that temperate woodlands might 
be a more significant source of CH 3Br for the global budget than previously 
acknowledged, especially CH 3 Br emissions from conifer needle litter. Compared to the 
salt marsh ecosystem, the temperate woodland contributed about three times as much 
CH3Br to the global budget, even though individually measured fluxes were 
significantly lower from the woodland compared to the salt marsh chambers, due to the 
greater global surface area of woodlands compared to salt marshes. 
However, the great spatial variability in net CH3 Br fluxes even within one site or 
between sub-samples of one litter bulk sample has to be considered when scaling up 
and parameterising models and therefore all calculated fluxes are merely estimates 
which may be controlled by a few "hot spots" at one site. Uncertainties in global 
emission estimates of CH3Br flux were also large because of errors associated with 
estimates of global areas of ecosystems as well as variability in measured CH3Br fluxes 
and limited temporal and spatial resolution of measured CH3Br fluxes. 
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In conclusion, there were three main implications of this study for resolving the global 
CH3Br budget discrepancy: 
• The estimates of the global net CH3Br emissions from the salt marsh do not help to 
close the gap between sinks and sources, they increase the divergence even further. 
• The woodland ecosystem results, on the other hand, may help to close the gap, 
especially if conifer needle litter is an underestimated source. 
• The spatial variability needs to be taken into consideration for scale-up of all 
ecosystem types because it was very high in all cases (chamber measurements as well 





7 Summary and future work 
7.1 Summaty 
For this work an analytical method to detect CH 313r at pptv levels including a pre-
concentration unit prior to GC-ECD analysis, has been developed, and used in 
conjunction with flux chambers in the field. The detection limit using this method was a 
chamber headspace mixing ratio difference of 4 pptv, equivalent to a net flux of 14 and 
12 ng CH3 13r m 2 W 1 for salt marsh and woodland chambers, respectively. Experimental 
designs for controlled experiments in the laboratory/greenhouse have also been 
developed, including a storage test to determine the maximum time an air sample could 
be kept in Tedlar bags used as sample containers. 
The main findings and conclusions presented in Chapters 3 to 6 from seasonal 
monitoring of net CH 313r fluxes in temperate salt marsh and woodland ecosystems, and 
from controlled experiments to explore factors controlling net CH 3 13r fluxes, are 
summarised here. A brief assessment of the impact of potential environmental changes 
on future CH313r fluxes is also given. All reported fluxes are net fluxes because, at 
times, uptake and production processes may have occurred simultaneously, one 
outweighing the other. 
The seasonal monitoring of eight flux chambers at a temperate salt marsh over the 
period from February 2005 until August 2006 provided a far larger dataset of CH 3 13r 
fluxes than any previous study on salt marshes. Only positive (or zero) CH313r emissions 
were observed. However, the spatial variability in CH313r fluxes was quite large, even 
between adjacent replicate chambers; in particular, in each of the two areas of the 
monitored (upper and lower) salt marsh there was one chamber that emitted 
considerably more CH 313r than the others. A few "hot spots" accounted for the major 
part of spatially-integrated net emissions. No obvious explanation for this spatial 
heterogeneity could be identified, so it may only be possible to account for these "hot 
spots" by direct field measurements. 
There were strong seasonal and diurnal variations in net CH 3 13r flux which appeared to 
be the result of plant-related processes, rather than being driven by the temperature, 
which showed a clear seasonal trend but did not correlate with the CH313r emissions. 
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Furthermore, CH 3 13r emissions in the growing season (March to September) were about 
three times higher than in the non-growing season. Further evidence that emissions were 
associated with the vegetation was provided by the observation that net CH313r 
emissions decreased substantially after removal of above-ground vegetation. The 
association between solar flux and CH313r emission was very strong and the diurnal 
variation in fluxes was strongly correlated with light, showing highest net CH3Br 
emissions at mid-day and lowest at night. Peak CH 313r emissions also occurred under 
sunny conditions and not on overcast or precipitating days 
Other environmental factors investigated such as soil and air temperature, net CH 4 
fluxes, water table depths, plant species composition and biomass, and most soil 
properties showed no or only modest correlations with net CH 3Br emissions from the 
salt marsh. They might have been influential on individual occasions but overall no 
clear relationship could be identified. Perhaps some of these factors influenced CH3Br 
emissions in combination with others but not alone. The soil Br concentration, 
however, appeared to have some influence on net CH3Br emissions; greater average 
emissions occurred from areas with a higher soil Br - content. The measured net CH 4 
fluxes did not show distinct associations with the CH 313r fluxes, apart from single 
occasions. Therefore it did not appear that the same processes, for example involving 
microorganisms, controlled net CH 4 and net CH313r fluxes. 
In a global context, the magnitude of net CH3Br emissions measured from the salt 
marsh site were in good agreement with two studies of coastal marshes in Ireland 
(Dimmer et al., 2001) and Tasmania (Cox et al., 2004). All three estimates were about 
one order of magnitude lower than the estimates given by Rhew et al. (2000) and 
Manley et al. (2006) who investigated salt marshes in California. It appeared, therefore, 
that the emission estimate derived from salt marshes in California reflects an upper 
limit. Since the estimate by Rhew et al. (2000) is the most commonly quoted in the 
CH3Br literature, this might result in an over-estimation of the contribution of salt 
marshes to the global CH3Br budget. The global annual CH 313r contribution of salt 
marshes, estimated from the mean measured flux throughout one year in Scotland, is 1 
Gg y. The flux values obtained with the lowest and highest emitting chamber 
correspond to 0.5 and 3 Gg y', respectively. The mean value is only about 10% of the 
10 (7-14) Gg y 1 reported by Rhew et al. (2000). The results from the salt marsh 
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measurements in this work suggest therefore that there is an even greater discrepancy 
between known sinks and sources in the global CH 3 Br budget if the global source 
strength of salt marshes is currently over-estimated. 
Net CH313r fluxes from four chambers at a temperate woodland site, monitored from 
March 2005 until August 2006 fluctuated between negative and positive emissions. The 
positive CH 3 13r emissions from the chambers on woodland soil were an order of 
magnitude lower than from the salt marsh chambers. Since the main processes driving 
CH3Br emissions from the latter appeared to be plant-related, it may be that the 
woodland investigated might simply lack under-storey vegetation. There could also be 
similar rates of CH3Br production and uptake occurring simultaneously, resulting in a 
small net flux. 
However, mean net CH3Br fluxes from the woodland chambers were positive which 
contrasts with most previous studies that report mainly CH 3Br uptake from woodland 
soil. There was no distinct seasonal variation in net CH 3Br fluxes from the woodland 
chambers and diurnal trends were quite small. Furthermore, there were no apparent 
correlations between net CH 313r fluxes and measured environmental factors such as air 
and soil temperatures and net CH 4 flux. One-off chamber measurements of net CH 3Br 
fluxes at an ancient birch woodland in the Scottish Highlands confirmed the magnitude 
of measured positive fluxes, at least on the one occasion. Mangrove ecosystems appear 
to be a reasonable source of CH 3Br, as indicated in this work from one-off flux 
measurements in Kenyan mangrove ecosystems. 
Mainly positive net CH 3Br emissions were measured in enclosures of rotting woody and 
non-woody (deciduous leaf and conifer needle) litter from temperate woodlands, even 
though net CH 313r emissions from rotting wood were very small. There was a tendency 
to higher net CH 3Br emissions from leaf litter at higher temperatures. Therefore non-
plant-related processes leading to CH 3Br emissions, such as microbial ones, may be 
more temperature-sensitive than plant-related processes. However, the variability in net 
CH3Br emissions from litter was quite large, even from sub-samples from one bulk 
sample, and this variability would have to be accounted for in any scale-up. Net  CH3 13r 
emissions from leaf litter declined as samples were taken through the autumn, indicating 
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a possible seasonality in emissions. However, the time period of sampling (beginning of 
November to mid-December) was not long enough to be certain. 
Scaling-up the measured mean annual CH3Br flux from the temperate woodland 
enclosures results in a global emission estimate of 2.7 (1.3-5) Gg y-1 (lowest and highest 
emitting chamber in parentheses). This positive flux contradicts most previous studies 
that have predicted net CH3Br uptake by woodland soils (Shorter et al., 1995; Serça et 
al., 1998 and Varner et al., 2003). Only Dimmer et al. (2001) reported positive CH 3Br 
fluxes from two conifer forests on peatlands. The maximum flux measured from rotting 
wood in this work yields an estimated maximum global CH 3Br production of only 0.8 
Gg y' and would therefore not contribute significantly to the total global CH 3Br budget. 
Deciduous leaf litter was calculated to contribute 0.5 (-0.7 to 2) Gg y' (mean with 
minimum and maximum in parentheses) to the CH3Br global budget and conifer needle 
litter 2.7 (0.8-5.8) Gg y', assuming that the estimated global annual mass of non-woody 
litter comprised 50% deciduous and 50% coniferous litter. Hence, the global estimate 
for CH3Br emissions from deciduous leaf litter was about the same magnitude as the 
estimate by Lee-Taylor and Holland (2000) derived from model calculations. There is 
some limited evidence that conifer needle litter is at least as important as deciduous leaf 
litter and almost certainly has never been considered previously. 
The results from this work suggest that the contribution from temperate woodland 
ecosystems, especially the litter component, to the global CH 3Br budget might currently 
be underestimated and could therefore help close the deficit in the global CH3Br budget. 
Hence, land-use and management of this type of ecosystem, for example deforestation 
and afforestation, could have a great influence on future net CH 3Br fluxes. 
Controlled experiments conducted with salt marsh and woodland soil cores to identify 
processes controlling net CH 3Br emissions showed that the soil Br concentration was 
an important factor influencing the magnitude of CH 3Br emissions. The net CH 3 Br 
emissions increased when additional Br was added to the soil. Soil moisture and 
temperature had little influence on emissions. Net  CH3Br emissions decreased 
considerably after above-ground vegetation removal, which led to the conclusion that 
the majority of processes producing CH3Br emissions were plant-related. Processes 
such as microbial (bacterial or fungal) in soil or rotting litter or abiotic ones, appeared to 
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play only a minor role in CH 313r production but could probably also lead to positive net 
CH3 Br emissions. The strong influence of light on net emissions, as seen from the salt 
marsh chambers, was also confirmed in controlled experiments. Net  CH3Br emissions 
increased after exposing a soil core to additional (visible and UV) light. It appeared that 
soil microorganisms mainly take up CH 3 13r since, after eliminating most soil bacterial 
activity, net CH 3Br fluxes increased from unvegetated soil cores. 
Nevertheless, processes as understood and described in the conceptual model (5.10.1) 
can still not account for measured "hot-spots" and can therefore only represent partially 
mechanisms that drive CH 3Br emissions. 
However, even if only a few of the processes controlling CH 313r net emissions 
investigated appeared to be temperature-sensitive, an increase in temperature, through 
for example global warming, would possibly result in altered net CH3Br fluxes with the 
tendency towards higher net emissions. Also, longer plant growing-seasons could result 
in increased CH 3Br emissions. If weather conditions changed to more clear-sky days, 
emissions from vegetation would clearly increase. Because higher net CH313r emissions 
were measured from soil with higher soil B( concentrations, more frequent inundation 
of salt marshes and/or an increased global area of salt marshes due to sea-level rise 
could possibly also result in higher global net CH 313r emissions. Since CH3 13r 
production and CH 3Br uptake processes appeared to take place simultaneously, even 
small environmental changes could shift the balance in one or the other direction and 
might therefore have a considerable impact on natural net CH 3 13r fluxes. Furthermore, if 
future land-use management moved more towards "managed retreat", with the respect 
to managing coastal erosion, the salt marsh area might also increase and therefore 
increase the source strength of salt marshes to the global CH313r budget. Since 
mangrove ecosystems appeared to be a source for CH 3 Br, the tendency towards 
restoration of mangroves might also contribute to higher natural CH 3Br emissions. 
On the other hand, another result of global warming may also be decreased forest area 
in the tropics, on top of the direct deforestation that is also decreasing the area of 
tropical forests. Potential CH 3Br emissions from tropical forests could therefore already 
lose importance as natural sources if the area of that ecosystem is declining. 
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This research has not unequivocally resolved the issue of the "missing sources" in the 
global CH3Br budget but has helped to refine some of the previous source estimates. If 
the global CH3Br production from salt marshes, as suggested here, is currently over-
estimated, the discrepancy between sources and sinks is actually greater than currently 
believed. However, if temperate woodlands and litter are actually a stronger source, 
rather than a sink as previously believed, the discrepancy is narrowed slightly. The 
estimated magnitude of this "new" source should ideally be refined by further 
investigation to better account for spatial variability. 
7.2 Future work 
It is always beneficial to have as many individual measurements (more spatial replicates 
as well as measurements over time) as possible from, for example, flux chambers in one 
ecosystem to quantify spatial and temporal variability. Larger datasets might also enable 
more rigorous geostatistical analysis of the results and therefore better identification of 
possible relationships with environmental factors. Therefore more field measurements 
of CH 3Br flux and environmental factors are still required. 
Since sunlight appeared to have a great influence on net CH3Br emissions, it would be 
advisable to measure the solar flux and/or PAR (Photosynthetically Available 
Radiation) at the same time as field measurements of net CH 3Br flux. This should give a 
direct indication of whether photosynthetically active solar radiation influences net 
CH3 Br emissions, as was demonstrated in this work using calculated total solar flux. 
More detailed studies, e.g. on single plant species, as suggested by Manley et al. (2006), 
would further narrow uncertainties or help in scaling-up. Measuring additional 
meteorological and environmental parameters may facilitate parameterisation of the net 
emissions, for a better understanding of underlying processes and for input into models. 
It would therefore be beneficial to have weather stations at all field sites, close to the 
enclosure measurements. 
Further terrestrial ecosystems which might be globally important for total methyl halide 
emissions should be identified and field measurements extended to those ecosystems. At 
the moment tropical ecosystems appear to be important, because they experience a high 
solar flux and are rich in vegetation. Furthermore, compounds emitted in the tropics 
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reach the stratosphere quickly and therefore have a great impact on stratospheric 03 
depletion. The environmental factors associated with the magnitude of emissions from 
these sources should be examined in more detail in field measurements and controlled 
experiments. The question of exactly how the heterogeneity of terrestrial sources impact 
on estimates of total emissions and estimates of global distribution should also be 
investigated further as well as the issue of how to account for spatial and temporal 
variability in upscaling net CH 3Br fluxes to global estimates. 
Deciduous leaf and conifer needle litter appeared to be a source of CH 3 13r, even if 
measured fluxes from individual enclosures were quite low. More extensive studies, 
perhaps on seasonal variation in net fluxes, would be helpful to assess the global 
importance of CH 313r net fluxes from litter. To achieve this, litter from individual tree 
species could be sampled and enclosed on several occasions throughout the year, 
covering all seasons. The change in CH 313r net fluxes from litter as it degrades could 
also be investigated and possible relationships with, for example, the C:N ratio in litter 
identified. Additionally, incubations of deciduous leaf litter and conifer needle litter at 
different temperatures could perhaps help in resolving whether CH313r production 
processes from these substrates are really temperature-sensitive. 
Since stratospheric ozone depletion is an ongoing problem (the largest-ever ozone hole 
over the Antarctic was measured in 2006), future work for resolving the global CH 3 13r 
budget is of importance. Uncertainties in the contribution of the marine sources/sinks to 
the budget are still very high but also the terrestrial sources/sinks need further 
clarification. Unless the processes driving CH3Br fluxes and the conditions under which 
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Properties of CH3Br 
Table A-i: Properties of methyl bromide (http://www.gtz.de ) 
Empirical Formula CH3Br 
Relative molecular mass 94.95 g 
Density 1.73 g cm 3 liquid at 0 °C 
Relative gas density 3.3 
Boiling point 4 °C 
Melting point -93 °C 
Vapour Pressure 90 x 103 Pa at 20 °C 
Solvolysis/solubility In water 13.4 g 
readily soluble in common organic 
solvents 
Conversion factors 1 mg m 3 = 0.253 mL m 3 
1 mL m 3 = 3.946 mg m 3 
Calculation of enhanced soil Br content 
Mass of background Br - in soil = 90 j.tg g' x  975 g = 87.75 mg 
Where 975 g is the calculated mass of dry soil when the volumetric soil water content 
is 75%, the mass of wet soil 3900 g in a volume of 3000 cm  and the soil wet density 
1.3 gcm 3 
new concentration 75x  higher than background 
75 x  87.75 mg = 6581 mg = 6.58 g 
In 250 mL of H20 
(103 g mol' / 80 g mol5 >< 6.58 g = 8.5 g in 250 mL de-ionised water 
Where 103 g mor' is the molar mass of NaBr 
80 g mol' is the molar mass of Br 
233 
Appendix 
C. Long-term CH 3Br fluxes 
Table C-i: Net CH 3Br emissions (ng m 2  h) for all long-term flux chambers at the woodland site 
II 12 B3 B4 
03/03/2005 118 41 -32 8 
10/03/2005 48 85 86 23 
16/03/2005 89 103 92 93 
23/03/2005 80 95 121 87 
29/03/2005 118 -1 -15 
04/04/2005 26 13 26 
14/04/2005 24 19 18 35 
21/04/2005 4 -10 
26/04/2005 -30 -15 -24 -11 
05/05/2005 1 -14 14 
25/05/2005 5 26 21 12 
02/06/2005 -20 -3 1 19 
22/06/2005 -8 2 -27 14 
08/07/2005 -18 4 50 -3 
18/07/2005 -12 -19 80 -6 
27/07/2005 -5 158 -9 
15/08/2005 -7 73 -4 
23/08/2005 -14 -29 74 -8 
29/08/2005 -30 3 62 
21/09/2005 -5 -20 18 43 
03/10/2005 -6 -1 21 -7 
12/10/2005 0 20 263 4 
25/10/2005 -17 -5 0 -12 
07/11/2005 -22 -25 262 -16 
15/11/2005 -21 -11 3 1 
29/11/2005 -8 1 -14 -23 
09/12/2005 180 16 19 83 
12/01/2006 -5 244 -8 -1 
17/01/2006 -10 151 0 0 
02/02/2006 0 -3 8 2 
20/02/2006 46 -20 12 -7 
06/03/2006 279 6 -73 -71 
20/03/2006 59 94 46 90 
03/04/2006 70 41 6 53 
10/04/2006 74 80 45 24 
24/04/2006 33 17 -50 -33 
08/05/2006 -4 26 18 35 
17/05/2006 79 -8 -29 29 
05/06/2006 88 -15 -21 91 
16/06/2006 78 71 16 38 
10/07/2006 40 5 54 
24/07/2006 1613 9 33 
10/08/2006 780 -7 28 
16/08/2006 1349 73 3 
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Table C-2: Net CH 3Br emissions (ng m 2 h') for all long-term flux chambers at the salt marsh site 
Ui 	U2 	U3 	U4 	L5 	L6 	L7 	L8 	A9 AlO 
22/02/2005 3 7 0 16 5 22 5 3 
02/03/2005 25 221 60 0 4 45 0 271 
09/03/2005 0 0 320 0 0 53 388 296 
16/03/2005 675 140 1291 121 123 
22/03/2005 357 162 206 255 150 376 603 148 
05/04/2005 456 70 193 135 67 1003 55 57 
12/04/2005 216 70 103 71 62 1601 63 83 
26/04/2005 529 68 78 101 59 658 35 469 
09/05/2005 1375 100 150 82 46 1869 78 95 
17/05/2005 1109 83 145 138 78 2205 82 89 
25/05/2005 763 96 115 98 218 708 112 242 
30/05/2005 491 90 163 162 133 1294 117 270 
07/06/2005 1923 116 132 84 1835 90 161 
13/06/2005 383 122 117 67 97 523 95 179 
28/06/2005 1062 200 384 370 129 2628 246 499 
29/06/2005 1100 226 539 275 160 858 284 740 
30/06/2005 633 193 396 344 178 659 264 652 
05/07/2005 1325 186 231 275 161 3002 213 263 
10/07/2005 640 245 403 358 225 409 270 588 
18/07/2005 286 100 191 135 1379 604 338 520 
27/07/2005 639 465 710 638 245 729 407 717 
02/08/2005 1218 223 369 394 1358 1812 350 449 
15/08/2005 535 206 383 860 198 781 332 398 
29/08/2005 746 216 720 203 991 271 2743 
21/09/2005 1141 287 475 606 586 1477 329 442 
03/10/2005 341 211 325 298 698 544 235 276 
17/10/2005 258 143 219 231 125 156 572 170 
03/11/2005 232 120 79 121 263 327 129 190 
15/11/2005 148 125 303 188 120 704 83 57 
29/11/2005 61 18 22 37 17 153 273 5 
06/12/2005 85 7 66 151 64 177 623 63 
12/01/2006 48 23 51 58 19 44 17 31 
23/01/2006 69 13 288 35 21 23 20 9 
06/02/2006 130 269 89 34 40 128 28 59 
20/02/2006 114 348 158 56 68 404 106 74 
06/03/2006 342 153 131 338 379 955 391 365 
20/03/2006 223 307 131 153 83 319 20 74 
03/04/2006 745 95 126 71 40 756 12 35 
10/04/2006 1509 196 210 216 194 2663 464 280 128 	219 
25/04/2006 725 105 241 171 51 1110 137 196 168 65 
08/05/2006 1273 101 175 155 166 1621 177 208 173 	57 
25/05/2006 2096 156 327 185 90 2325 238 236 164 57 
05/06/2006 704 435 441 521 242 741 170 471 350 	262 
19/06/2006 534 475 249 207 516 212 263 29 110 
10/07/2006 834 450 503 166 310 594 341 496 149 	123 
24/07/2006 1750 15 438 109 100 2237 323 146 66 187 
31/07/2006 1096 35 1080 138 22 807 433 45 -2 	84 
10/08/2006 847 108 526 153 17 1587 852 87 64 181 
16/08/2006 177 73 55 176 66 205 12 127 138 	99 
24/08/2006 25 122 76 33  51 
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[i] Methyl bromide (CH-.;Br) is a trace gas involved in 
stratospheric ozone depletion with both anthropogenic and 
natural sources. Estimates of natural source strengths are 
highly uncertain. In this study, >320 highly temporally and 
spatially resolved measurements ofCH 3Br emissions from a 
salt marsh in Scotland (56 00(YN. 2 0 35'W) were made during 
one year using eight static enclosures. Net  emissions 
showed both strong seasonal and diurnal cycles. Day-to-
day maxima in emissions were associated with sunny days. 
Emissions dropped to zero when vegetation was removed. 
Mean measured CHBr emission was 350 ng m 2 h'3 but a 
few "hot spots" (measured maximum 4000 ng in h') 
dominated integrated emissions. A crude scale-up of the 
annual mean emission yields an estimate for global CH 3 Br 
emission of-.l (0.5-3) Gg y (range uses annual mean 
from lowest and highest emitting enclosures). -10 1/6 the 
global salt marsh emission regularly quoted in the literature. 
Citation: Drewer, J., M. R. Heal, K. V. Heal, and K. A. Smith 
(2006), Temporal and spatial variation in methyl bromide flux 
from a salt marsh, Geophys. Rex. Leu.. 33. 1_16808. doi:10.1029/ 
200661-026814. 
1. Introduction 
Methyl bromide (CH 3Br) is a trace gas that is emitted 
into the atmosphere from both natural sources and from 
commercial production and use. As a consequence of its 
destructive impact on stratospheric ozone, emissions of 
CH3Br from anthropogenic sources (mainly fugitive emis-
sions from crop fumigation) are subject to phase-out under 
the Montreal Protocol [World Meteorological Organization, 
2002]. Although the anthropogenic emissions of CH3Br are 
relatively well-known, emissions from natural sources, 
particularly from marine and terrestrial ecosystems. are 
poorly characterized. This is illustrated by the current global 
estimates for Cl-l3 Br fluxes in which the sum of estimated 
sources falls short of the sum of estimated sinks by 59 Gg y - 1 , 
with a range of uncertainty in this value spanning - 156 to 
-338 Gg y [)i'on-Lewis, 2000]. The uncertainties in the 
natural CH 3 Br budget need to be reduced in order to assess 
better the benefit of anthropogenic emission reduction and to 
predict any potential effects of future climate and land-use 
change. 
The above data incorporate the estimate, derived from 
measurements in California, that emissions from salt 
marshes may contribute almost 10% to total known global 
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sources of CH3Br [Rhew et al., 20001. Both biological and 
non-biological routes of CH 3Br production in soil/plant 
systems have been proposed. Enzyme-mediated methyl 
transferase reactions are known to produce methyl halides 
in some plants [Saini ci al.. 1995], for example, in rice 
[Redeker and Cicerone, 2004]. The reason for their produc-
tion is unclear although halide detoxification or by-products 
of normal metabolism have been suggested [Manley, 2002]. 
Production of methyl halides from abiotic oxidation of 
organic matter in the presence of halides and Fenton-type 
catalytic chemistry involving iron has also been demon-
strated [Keppler ci al., 2000]. although rates are an order of 
magnitude smaller than from biological production. Hence 
salt marshes, with their relatively high bromide content 
(from seawater inundation) and organic carbon content, 
are likely terrestrial ecosystems to study for CH 3Br emis-
sions. Aside from the above-mentioned measurements at 
two adjacent southern Californian salt marshes [Rizew ci al.. 
2000, 2002: Bill ci al., 2002], data on CH 1 Br emissions 
from only two other coastal sites have been published: a 
coastal wetland in Tasmania [Cox ci al., 2004] and a coastal 
marsh in Ireland [Dimmer ci al.. 2001] (authors' terminol-
ogies are used, but all are assumed to be heavily marine 
influenced). Published raw data from these studies appears 
to comprise a relatively small number (a few lOs) of 
individual temporal and spatial measurements so there 
remains a paucity of data for C11 3Br emissions from salt 
marshes. Since emissions are likely to have high spatial and 
temporal variability, it is important to gather detailed data 
from different regions and seasons in order to improve the 
emission flux estimate. 
Here we report on a full annual cycle of CH 3 Br 
emissions (including diurnal measurements) from a salt 
marsh in Scotland (UK). The influence of factors such as 
temperature. soil propertim water table and vegetation on 
CH 3 Br fluxes was investigated. More than 320 flux mea-
surements were taken between Feb 2005 and Feb 2006. The 
data set constitutes the most extensive set of CH 3Br fluxes 
from salt marshes to date. 
2. Experimental 
[s] Field measurements were carried out using eight 
enclosure collars permanently installed at a salt marsh on 
the North Sea coast of Scotland (56°00'N. 2 °35'W). The salt 
marsh is part of a nature reserve and has no other land use. 
Measurements were made every 1-2 weeks and always 
between 9:30 and 11:30 am. Diurnal measurements were 
also made in mid-winter and mid-summer at four of the 
collars. Enclosure collars were located as four pairs, with 
the collars in each pair separated by <1 m and intended to 
act as replicates. Collar pairs I ± 2 and 3 ~ 4 were situated 
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in an upper. drier area of the salt marsh, while collar pairs 5± 
6 and 7 + 8 were situated in a lower, wetter area. The 
proportion of drier and wetter areas in the whole salt marsh is 
approximately equal. All collars were located on vegetated 
intertidal areas and were subject to inundation by seawater 
approximately every two weeks. The dominant vegetation in 
the upper area collars (1-4) was Aster tripoliwn, Fesiuca 
,-ubra. and Spe,-gu/aria sauna. Representatives of Triglochin 
maritimus, Plantago maritima, Salicornia spec.. and Arnie-
na maritii'na were also present in the upper area but not in 
the collars. In contrast, Plantago marilima and Armeria 
maritima were the dominant plant species in the lower area 
collars (5-8), while Fertuca rubra. Salicornia spec., and 
Spe;guIaria sauna were less common but also found inside 
the collars. There was no obvious difference in vegetation 
composition between the four collars in each area. Soil 
properties were determined from samples taken close to 
the collars at the start of the measurement period. The soil 
texture in both areas was a silt loam, subject to saturatIon. 
Other soil properties (measured in the upper 10 cm) differed 
slightly between the two areas: volumetric water content was 
74 :t 2.4% and 78 ± 1.1% (mean ± I sd of 4 spatial 
determinations) in the upper and lower areas, respectively, 
and organic matter content (as determined by loss of ignition 
at 500°C) was 18.4 ± 0.8% and 21.4 ± 0.1% dry weight, 
respectively. Water-extractable soil bromide content was 
determined by ion-chromatography and showed a greater 
contrast between the upper and lower areas: 80 + 6 and 
95 ± 8 .sg g dry weight, respectively. 
[6] The enclosure collars were opaque PVC tubing (in-
ternal diameter 36 cm). buried to at least 5 cm below the 
surface, and extending 12 cm above ground. When in place. 
transparent (but UV opaque) Perspex lids enclosed a head-
space volume of 0.012 m 1 . The lids were used only for the 
10 rnin duration of enclosure so as not to influence 
vegetation and soil within the collars. Solar intensity, 
particularly on cloudy days. is not very great at this latitude 
(56°N), even in summer, so there is negligible increase in 
internal temperature during the enclosure. After the enclo-
sure, a 400 ml air sample from the headspace was extracted 
into a 1000 mL gas-tight syringe via a tap in the center of 
the lid and transferred to a pre-evacuated I L Tedlar bag. 
Sample bags were stored in the dark at room temperature 
until analysis on the same day or within 24 h. Experiments 
showed no loss of CH 1Br under these storage conditions. 
[i] On each sampling occasion measurements were made 
of the air and 10 cm soil temperatures. and of the water table 
level in four perforated tubular wells permanently installed 
between each pair of collars. The level of sunshine on each 
visit was also assigned as sunny, broken cloud and sunny 
periods, or overcast. 
[s] Methyl bromide was determined by GC-ECD 
(HP 5890) using a 30 m long, 0.32 mm i.d. DB624 capil-
lary column (J&W Scientific) with a film thickness of 
1.8 pm. The temperature programme was 40°C for 5 mm. 
ramping at 40°C min to 240°C and hold for 5 min. 10% 
methane in argon was used as both the earner gas (flow 
1.3 mL min) and as the make-up gas for the ECD (flow 
25 mL mm- ). A two-trap pre-concentration unit was used 
prior to GC analysis in order to quantify CH 3Br concen-
trations to lower than 10 pptv (parts per trillion by volume). 
The first trap comprised a 1/4 -incli stainless steel tube filled  
with 0.59 g of Tenax. which was Peltier-cooled to -4°C 
during sample loading to enhance the efficiency of adsorp-
tion. The sample was then transferred by heating to the 
second trap, filled with fine glass beads in 20 cm of 'Is -inch 
stainless steel tubing, cooled to -79°'C using dry ice. 
Calibration standards in the range 10-1000 pptv were 
prepared volumetrically in air using a certified 500 ppbv 
CH 3Br standard in nitrogen (Air Products Inc.). The average 
analytical relative error in CH 1Br quantification was calcu-
lated to be 14%. The detection limit for quantification of net 
flux was determined by the ability to discriminate a signif-
icant difference in CHBr concentration between a head-
space sample from an enclosure and a sample of ambient 
air. Based on analysis of the variability of replicates and 
uncertainty in calibration fits it was estimated that signifi-
cant difference corresponded to a mixing ratio of 4 pptv. or 
to an enclosure net flux of 14 ng CH 3Br in- 2  h'. 
3. Results 
3.1. Measurements of CH 313r Flux 
[9] The time series of CH 3 Br emissions from each collar 
are shown in Figure 1. All collars were net emitters of 
CIT3 Br except for some which had zero net emissions 
during the winter period, Dec-Feb. No net uptake of CH 3 Br 
was ever measured. A clear annual cycle of increased 
emissions in summer compared with winter is apparent 
for all eight collars. The seasonal "amplitude" between 
average summer emissions (mid-March to mid-September) 




-0-2 	 Upper salt marsh 
2000 














Feb Mar Apr hby Jun Jul Aug Sep Oct Nov Dec Jun Feb 
Figure 1. CH3 Br emissions between Feb 2005 and Feb 
2006 from eight collars situated in upper and lower salt 
marsh. The asterisks and crosses illustrate that major peaks 
in CH3 Br emissions occurred on days classified as sunny, or 
sunny periods, respectively. 
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Figure 2. Diurnal variation in CH 3 Br emissions from 
four collars (one pair each from the upper and lower areas) 
in summer (10 Jul 2005) and winter (6 Dec 2005). Note that 
y-axis scales are different. The dashed line is the calculated 
theoretical clear-skies total solar flux for sampling location 
and day. 
(The average summer enhancement across all eight collars 
was 3 fold). Elevated emissions from a salt marsh during 
the growing season (defined by the authors as March—
September) were similarly reported by Rhew el al. [2000]. 
Variation in CH3 13r emissions was larger between individual 
collars in different pairs at the same area (upper or lower) 
than between the two areas. Thus designated replicate 
collars clearly did not demonstrate replicate behavior in 
practice. In particular, in each area of the salt marsh there 
was one collar which emitted significantly more than the 
others (collar I in the upper area and collar 6 in the lower 
area). The fluxes of CH 313r from these collars were persis-
tently larger, particularly during March to September, 
although other collars also showed periods of enhanced 
emissions. The two highest-emitting collars (1 and 6) also 
showed the largest annual variation. 
[mo] Figure 2 shows there was also a strong diurnal 
variation in CH 3 13r emissions from the higher-emitting 
collars, and smaller (or no) diurnal variation in emissions 
from the lower-emitting collars, in both mid-summer and 
mid-winter. The emissions in winter were an order of 
magnitude lower than in summer, and the width of the 
cycle was much narrower, corresponding to the substan-
tially smaller number of daylight hours. Although emissions 
were significantly lower at night, it is important to note they 
did not cease completely. The diurnal variations in emission 
from high-emitting collars match closely the shape of the  
corresponding calculated theoretical maximum (clear-skies) 
total solar flux for this latitude and Julian Day of sampling. 
Temperature variation during the day could not account for 
the variation in emission. There was only a modest positive 
correlation between Cl-1 313r emissions from a given collar 
and the soil or air temperature (Figure 3). Dimmer el al. 
[2001] similarly found strong diurnal cycles of methyl 
halide emissions, but only little variation in temperature 
(3-4°C), again suggesting a stronger association with light 
than with temperature. These observations contrast with 
those of Rhew ci al. [2002] who reported emission rates 
being strongly correlated to diurnal air temperature. 
[ii] There was also a strong association between sun-
shine conditions and the timings of peaks in CH 313r emis-
sions from the high emitting collars above the general 
annual trend. The majority of the peaks in CH 3 13r emission 
occurred on days classified as sunny (marked by the 
asterisks on Figure 1). The remainder occurred on days 
classified as sunny periods (marked by crosses on Figure 1). 
None of the peaks occurred on overcast or precipitating 
days. Since sampling was systematically undertaken at mid 
morning, before the mid-day peak, the between-day and 
between-collar variation of emissions in Figure 1 is not an 
artefact of sampling at different times during the diurnal 
cycle. This is illustrated by the fact that the peak emission 
measured during the summer diurnal measurement 
(Figure 2, bottom) was greater than the emissions measured 
at mid morning in the routine time series around this time 
(Figure 1). Thus maximum emissions from the flux collars 
are expected to be higher than those shown in the time 
series graphs. 
[12] The apparent association of C11 3 13r emission with 
vegetation suggested by the strong diurnal and seasonal 
cycles and the association with sunny conditions was further 
supported by an experiment in May—June 2005 in which 
measurements were made before and after vegetation was 
removed from a separate enclosure collar (Figure 4), located 
close to collars I and 2 in the upper area. Baseline 
monitoring of this additional collar for three weeks showed 
that its emissions were in the same range as from the lower-
emitting collars in the main study, but dropped to zero and 
subsequently even slightly negative after all surface vege-
tation in the collar was removed. This is in good agreement 
with experiments by White ci al. [2005] who also found 
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Figure 3. Example scatterplots of Cl-IBr emissions from 
two different collars with either soil temperature (collar 1) 
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Figure 4. Vegetation removal experiment in May/June 
2005. After baseline measurements of CH 3 Br emissions, all 
vegetation was removed from an additional collar located in 
the upper salt marsh and emission measurements continued. 
Error bars correspond to the ±14% relative error estimated 
for the GC analytical measurement of CH 3 13r concentration. 
Overall, it appears that processes associated with vegetation 
are the dominant source of CH 3Br emissions, as noted 
previously for Brassica [Gan ci al.. 1998]. salt marsh [Rhew 
ci al., 2002], rice plants [Redeker el al.. 2003] and, recently. 
for tropical ferns [Saito and Yokouclzi. 2006]. 
Mean annual emissions were slightly greater from 
the lower salt marsh area than from the higher area (-400 
and 300 ng m- 2  h', respectively) which is likely associ-
ated with the higher soil bromide content at the former. 
However, the difference between these averages is small 
compared with the large variations between enclosures 
within a salt marsh area. There was no obvious explanation 
for these "hot spots" attributable to soil properties mea-
sured or plant species enclosed. This contrasts with Rhew et 
al. [2000], who related spatial variability in emissions to the 
different vegetation zones of the Californian salt marsh 
studied. There was also no association between CH 1Br 
emissions and water table depth. 
3.2. Comparison to Other Salt Marsh Studies and 
Global Implementation 
Despite the high spatial variability shown in this 
work, it is usefI.il to compare the approximate magnitude of 
net CHBr emissions from this salt marsh in Scotland with 
those previously reported. The unweighted mean and me-
dian daytime CH3Br emissions over the whole year and all 
eight collars (n -= 324 measurements) were 350 and 190 ng 
m 2 h ',respectively. Emissions from two collars regularly 
exceeded 600 ng m h 1 during the growing season, and 
the highest emission measured (in the middle of a day in 
July) reached 4000 ng m 2 h. These emission magnitudes 
are in the same general range as those reported from coastal 
marshes in Ireland [Dimmer ci al., 2001] and Tasmania 
[('ox et al.. 2004]. Although Dimmer ci al. [2001] did not 
provide detail on individual flux measurements, they 
reported an average daytime flux of 28 (range 8-44) x 
10-4g m 2 y' (based on 26 measurements), which 
corresponds to an average daytime flux of 320 (range 
90-500) ng m 2 h. The average daytime flux reported 
by Cox ci al. [2004] in Tasmania was 190 (range 27-470) 
ng m 2 h. derived from 10 individual measurements. In 
contrast, the global annual salt marsh CH 3Br flux quoted by 
Rhew ci al. [2000] corresponds to an average emission flux 
of 4200 ng m 2 h for the Californian salt marsh on which  
their annual estimate is derived. This flux is about an order 
of magnitude larger than our measurements and those of 
Dimmer etal. [2001] and Cox el al. [2004], and may reflect 
the higher temperatures and solar flux at their lower latitude 
location. However, the range of flux measurements (ii = 36) 
reported by Rhew ci a! [2000] was very large (between 13 
and 160,000 ug m 2 h') and it is not clear how this 
variability was handled in the scaling up. Many of their 
reported individual emission measurements were of the 
order of a few hundred ng m 2 h' and thus comparable 
to those reported here. It is possible, therefore, that the 
global CH3Br emission estimate for salt marshes provided 
by Rhew ci al. [2000] reflects an upper limit. Crudely 
scaling up our annual mean CH 3 Br emission of 350 
m h to a global salt marsh area of 0.38 x 1012  m2 
[Woodwell et al.. 1973] yields an estimate for global 
emission of '-4 Gg y. To account for variability, scaling 
up the annual means of the lowest and highest emitting of 
the 8 collars yields a range in estimated global emission of 
. -0.5 to -3 Gg y'The mean global emission from this 
work is '-40% of the Rhew et al. [2000] global salt marsh 
emission estimate usually quoted in the methyl bromide 
literature. 
Conclusions 
Net emissions of Cl-l 3Br from salt marshes appear to 
be strongly associated with the vegetation. Although sea-
sonal variation in emission followed the trend of seasonal 
variation in temperature this is presumably due to plant-
related processes as there was only a modest correlation 
between day-to-day emission and air or soil temperature. In 
contrast, diurnal variations of emissions were strongly 
associated with the solar cycle with highest emissions in 
the middle of the day and lowest emissions during the dark. 
Also, observed peaks in CH 3 13r emission always occurred 
under sunny conditions. Hence the diurnal and day-to-day 
variation in sunshine appears to have more direct influence 
on high emissions than temperature, at least at this relatively 
high latitude site. 
Salt marsh C1l 3 13r emissions are also highly spatially 
variable, with a small proportion of "hot spots" accounting 
for the bulk of the spatially-integrated net emissions. There 
was no obvious explanation for the spatial heterogeneity of 
CH 3 Br emissions on account of plant species or measured 
soil properties, apart from a small association of greater 
average emission with greater soil bromide content. 
CH513r emissions estimates from salt marshes have 
been shown to be strongly dependent on the location, 
season and time of day at which the underpinning measure-
ments are made. Indeed, this work has shown that emissions 
from a few "hot spots" are likely to contribute the majority 
of integrated area emissions. This leads to obvious difficul-
ties in global scaling up. Whilst temporal variability of 
emissions can be parameterized in terms of temperature and 
sunlight. spatial variation can only be accounted for by 
direct measurement. This study presents a full annual cycle 
of measurements which should provide the best estimate of 
annual emissions without recourse to weighting as com-
pared with short-period measurements. A crude scaling uç 
of the annual mean CH 3Br emission of 350 ng m 2 h 
obtained in this work yields an estimate for global emission 
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of -.d (0.5-3) Gg y- 1 . or -'.40% of the global salt marsh 
emission estimate regularly quoted in the methyl bromide 
literature. 
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